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 In this thesis, shape controlled synthesis, characterizations and physical properties of 
Nb, Co and Ni- oxides nanostructures are presented. Vertically oriented Nb2O5 nanostructures 
self assembled on Nb foils are synthesized using a thermal oxidation method. Co3O4 and NiO 
nanostructures with different morphologies are synthesized by using plasma assisted 
oxidation technique. The shape control is achieved by varying the plasma power and/or 
growth temperature. Detailed characterization of the crystal structure, chemical composition, 
morphology and microstructure of the as-synthesized products were carried out using 
adequate techniques. The mechanism governing the direct growth of oxide nanostructures on 
metal foils is studied. Our results revealed that, the direct growth of metal oxide 
nanostructures on respective metal foil is governed by a diffusion controlled tip growth 
mechanism. 
 Field emission properties of as-synthesized nanostructures are described in this work. 
This study reveals the excellent field emission properties of Nb2O5 nanowires with fairly low 
turn-on field and high current emission capability. Remarkably, Nb2O5 nanowire emitters are 
capable in delivering constant and uniform electron emission for a long period of time. 
Studies on the field emission properties of Co3O4 nanostructures demonstrate the effect of 
morphology on the emission characteristics.  
We present a combinatory approach to study the ‘size-structure-property’ correlation 
of individual nanowires. This method is employed to study the physical properties of 
individual Nb2O5 and Co3O4 nanowires with a view into the microstructure of the same 
nanowire. The mechanical and electrical-transport properties of individual Nb2O5 nanowires 
were determined and correlated with the microscopic structures of the same nanowire. The 
observed diameter dependent variation of the Young’s modulus can be attributed to both 
surface contribution and defect density variation among nanowires of different size. The two-
probe electrical transport measurements revealed the semiconducting nature of Nb2O5 
                                                                                                                                 ABSTRACT  
 vi
nanowires. A gradual increase in the electrical conductivity of Nb2O5 nanowires with 
diameter is observed.  
A comprehensive approach to address the correlation between mechanical properties 
of cobalt oxides nanowires with their characteristic size, microstructure and chemical 
composition is discussed. Using this technique, the Young’s modulus of Co3O4 nanowires 
having different sizes is evaluated. Our studies elucidate the effect of microstructures on the 
mechanical properties of nanowires. Thermal annealing in inert atmosphere and resultant 
chemical reduction of Co3O4 nanowires into CoO nanowires without modifying their 
geometrical shape is also described. Both Co3O4 and CoO nanowires exhibited a size 
dependent variation in Young’s modulus.  
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Chapter 1 
Introduction to Metal Oxide Nanostructures 
 
1. 1 Introduction 
 
Metal oxides have numerous technological applications and provide excellent 
platform to study various fundamental physical processes existing in material systems. Metal 
oxides crystallize in a multitude of crystal structures and exhibits diverse properties. For 
example, several metal oxides have ability to selectively adsorb gas molecules onto its surface 
[1]. The adsorption of gas molecules results in band bending at the surface and effectively 
modifies the surface conductivity. Such change in the conductivity due to the gas adsorption 
is readily detectable in most of the metal oxides, including SnO2, In2O3, and ZnO. Deviations 
in the properties of metal oxides due to the adsorption of specific gases render them as 
potential gas sensors. Transition metal oxides, in particular, are attractive for their range of 
properties [2]. This is partly due to their self-doping capability. Transition metal oxides are 
potentially useful in a variety of applications including catalysis in petroleum industry, 
magnetic data storage in information technology and gas sensing. 
Surface processes play key roles in various applications of metal oxides. Metal oxide 
nanostructures with huge surface area are therefore valuable for many potential applications. 
Large surface area of nanostructures could result in the improvement of material 
functionalities. In addition to the properties that originate from the large surface area, 
confinement effects in low dimensional systems are expected to provide additional properties 
that can be tuned by varying physical size or shape. Confinement effect occurs when size of 
the nanostructures are comparable to the characteristic length scale of the physical properties 
of interest (typically in sub-ten nanometer range). Nanostructures hold great promise in 
device applications where small size, faster operation and high density integration is of great 
importance. In addition to the technological applications, studies on nanometric structures 
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may aid improvement on our understanding on various fundamental physical phenomena 
associated with metal oxides. 
 As a prerequisite, high quality nanostructures of metal oxides with tailored 
geometrical size and shape are needed for studying their behavior at the nanometric regime. 
In general, nanostructures can be fabricated either by lithography based ‘top down’ 
approaches or self assembly based ‘bottom up’ approaches. For metal oxides, ‘bottom up’ 
approaches were found to be more effective in crafting structures at the nanometric regime. 
Over the years, variety of metal oxide nanostructures with varied dimensionality and 
morphologies including nanoparticles [3], nanowires (NWs) [4-5], nanobelts [5-7], nanorods 
[8], nanotubes (NTs) [8-9], core-shell and other complex hierarchical structures [3-7] were 
synthesized by adopting various ‘bottom up’ methods. Once proper nanostructures are 
synthesized, the next step is to investigate the manifold properties and phenomena in such 
structures. Due to size dependent properties, there is a need for characterization of individual 
nanostructures. Techniques that allow the manipulation and investigation of properties of 
individual metal oxide nanostructures are in the forefront of low dimensional material 
research.  
 In this chapter, an overview of the research activities on nanostructured metal oxides 
is presented. The chapter is organized as follows. After this short introduction, various 
established methods to synthesize metal oxide nanostructures are described. The relative 
merits and demerits of each synthesis approaches are highlighted. Following this, selected 
physical properties of metal oxide nanostructures are discussed. The techniques adopted for 
the characterization of individual metal oxide nanostructures are detailed. In addition, 
properties of metal oxide nanostructures which led to the discovery of various prototype 
nanodevices are emphasized. Then, the scope and objectives of the work presented in this 
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1. 2 Controlled synthesis of metal oxide nanostructures 
 
 The discovery of carbon nanotubes (CNTs) in 1991 [10] and realization of its 
amazing physical properties stimulated interest on inorganic nanomaterials as well. Over the 
years efficient methods have been established to synthesize metal oxide nanostructures with 
fine control over their chemical composition, crystal structure, dimensionality, size, and 
shape. Depending on the medium in which nanostructures are formed, the growth techniques 
are broadly classified as 1) liquid phase growth and 2) vapor phase growth. In the following 
section, various synthesis techniques are described with special emphasis on the new 
developments in the field. 
 
1. 2. 1 Vapor phase growth 
 
 In vapor phase growth, nanostructures are formed from gaseous state precursor 
reactants. Using vapor phase techniques, highly crystalline, contamination free nanostructures 
can be synthesized. The major advantage of vapor phase growth is the feasibility of 
manipulating and organizing nanostructures during their growth. In addition, hybrid and 
complicated nanostructures with multiple functionalities can be synthesized by vapor growth 
techniques. The much needed impurity doping, which is essential for constructing various 
nanodevices, can be realized in vapor phase growth methods. It is customary to further divide 
the vapor phase growth techniques in terms of the governing mechanisms. Different vapor 
phase growth strategies used for the growth of metal oxide nanostructures are elaborated in 
the following section. 
 
i. Vapor-Liquid-Solid (VLS) growth 
 
 The growth of micron sized whiskers from gas phase reactants on substrates covered 
with metal impurities was developed more than 40 years ago [11-12]. When metal coated 
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substrates are annealed above certain temperature, the metal film melts and forms droplets. 
Due to high sticking coefficient of liquid as compared with the solid substrate, the reactant 
gases adsorb on the metal droplet surfaces. Such adsorbed gas molecules undergoes surface 
and bulk diffusion in the metal droplet and form a eutectic mixture (liquid). As the metal 
droplet supersaturated with the precursor atoms or compounds, phase segregation occurs 
leading to the formation of nuclei at the droplet-substrate interface. Subsequent growth occurs 
as more and more atoms joined to the nuclei at the liquid-solid interface. The metal droplet 
functions as a virtual template by promoting crystal growth at the liquid-solid interface and 
restricting growth in other directions. The metal droplet remains at the tip of the resultant 
nanostructure and solidifies in the post-growth cooling phase to form a nanoparticle. The 
appearance of such nanoparticle at the tip of the nanostructures indicates the VLS growth 
mechanism. VLS routes often promote anisotropic growth leading to the formation of one 
dimensional (1D) nanostructures. The use of metal catalyst and the formation of eutectic 
mixture largely reduce the activation energy required for the growth of nanostructures via 
VLS route compared with non-catalytic growth. Moreover, the growth conditions can be 
retrieved from the binary phase diagram of the metal component of the targeted nanostructure 
and the catalyst metal. 
The diameter of the as grown structures is largely determined by the size of the metal 
droplet. For a sustained growth via VLS route, the stability of the catalyst liquid droplet is 
essential. Using thermodynamic considerations, the minimum equilibrium size of a metal 






2                        (1.1) 
where, Ωl is the volume of an atom in the liquid, σlv is the liquid-vapor surface energy, kB is 
the Boltzmann constant, T is the temperature, and s is the degree of supersaturation. This sets 
a limit to the smallest achievable size of the nanostructures by the VLS growth. 
Thermal chemical vapor deposition (CVD) technique can be employed to grow 
nanostructures through VLS route. In a typical setup, tube furnace with vacuum sealed 
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ceramic tube is used. One end of the ceramic tube is connected to a vacuum pump and the 
other end is connected to gas cylinders through mass flow controllers. Substrates coated with 
catalyst metal thin film are placed inside the tube furnace and heated to form metal droplets. 
The gas phase precursors are introduced at optimal flow rate into the tube furnace. The 
pressure inside the ceramic tube is regulated and controlled.  
The availability of precursor gases is an issue in the VLS based nanostructure 
synthesis. The reactant gases can be produced by evaporating respective metals or metal 
nitrides in the presence of oxygen [15-18]. Yang et al. initiate a method to create the reactant 
gases using carbothermal reduction of metal oxide powder and successfully synthesized ZnO 
NW using VLS route by using gold as the catalyst metal [19-20]. The ZnO was first reduced 
by carbon into Zn and CO/CO2 in the high temperature zone of the tube furnace. The Zn 
metal evaporated and transported to the substrates placed at the low temperature zone. This is 
followed by metal catalyst assisted growth of ZnO NWs. The density and diameter of the as-
synthesized NWs is controlled by the thickness of gold catalyst film. NWs with diameters as 
small as 40 nm can be synthesized using gold as the catalyst. A number of researchers have 
utilized the carbothermal reduction assisted VLS method to synthesize nanostructures of 
Ga2O3, In2O3, Al2O3, ZnO and V2O5 [21-23].  
The laser ablation assisted VLS growth developed by Lieber’s group was found to be 
effective for the growth of many semiconductor nanostructures [24]. In laser assisted VLS 
growth a high intensity laser beam evaporates the target containing NW material and 
condensate on a substrate with catalyst metal clusters. The laser ablation assisted VLS growth 
was used for growing metal oxide nanostructures including In2O3 NWs [25] and ZnO NWs 
[26]. Pulsed laser deposition (PLD) was also used for vaporizing respective bulk materials 
and subsequent growth of nanostructures by VLS route [27-28].  
 In some cases, VLS growth of nanostructures can take a different route in which the 
constituent metal of the targeted oxide nanostructure itself function as the catalyst. The 
governing mechanism of such growth is usually denoted as self-catalytic VLS mechanism 
[29]. In addition to its simplicity, the self catalytic growth avoids the unintentional doping of 
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the nanostructures due to the use of foreign metal catalyst. Many metal oxide nanostructures 
such as dentritic ZnO NWs [30], SnO2 NWs [31-32], CuO nanofibers [33], Indium doped tin 
oxide NWs [34] and Al4B2O9 NWs [35] were synthesized following the self-catalytic growth. 
Nanostructures of mixed metal oxides or impurity doping can be achieved by 
choosing a mixture of appropriate source materials or gas phase components [36]. By a one 
step evaporation method using a mixture of In and Sn as the source for reactant vapor 
production, SnO2-In2O3 heterostructured NWs has been produced [37]. The SnO2 NWs 
covered with In2O3 shell was formed most likely due to the difference in the bulk and surface 
diffusion coefficients of InOx and SnOx species in the catalyst droplet.  
The VLS approach has great advantage of yielding high quality single crystalline 
nanostructures. In most occasions, the VLS grown nanostructures are dislocation free. The 
morphology of the nanostructures formed by the VLS route depends on the selection of 
catalyst particles, source material, thickness of the catalyst layer and growth duration [16, 38-
40]. By precisely adjusting the catalyst layer thickness, Ng et al. demonstrated the possibility 
of creating 1D and 2D ZnO structures on different substrates [39].  
 VLS route has the feasibility of manipulating and positioning of the NWs during 
growth [41]. For many applications, proper alignment and precise positioning of 
nanomaterials is necessary. In the VLS route aligned nanostructures can be produced by using 
lattice matching substrates. For example vertically aligned ZnO nanostructures can be 
obtained with substrates like Sapphire [15-16], GaN [42] and SiC [43]. Positioning of the 
nanostructures can be accurately achieved by VLS route by various catalyst patterning 
strategies [44].  
 The actual growth mechanism of metal oxide nanostructures by VLS method is 
complicated due to the presence of oxygen. The mechanism that governs the growth of metal 
oxide nanostructures through VLS route still remains controversial. Nanostructures of ZnO, 
for example, can form via VLS route for a broad range of temperatures. The state of catalyst 
alloy particle (solid or liquid) during the growth over this entire range of temperature is 
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unclear. Campos et al. proposed a Vapor-Solid-Solid (VSS) growth mechanism instead of 
VLS mechanism, for the growth ZnO using gold as the catalyst at low temperatures [45]. 
 
ii. Vapor-Solid (VS) growth 
 
 Growth of nanostructures from gas phase reactants could be possible even in the 
absence of any metal catalyst. Gas phase precursor reactants of the targeted nanomaterial are 
directly adsorbed on the substrates, followed by nucleation and subsequent growth of 
nanostructures. Since the gaseous reactants directly condense into solid structures, the 
governing mechanism is known as Vapor-Solid (VS) mechanism. Probability in the formation 
of nuclei via vapor-solid process can be expressed as [46], 
)ln/exp( 22  TkAP Bn                                  (1.2) 
where A is a constant, σ is the surface energy, α is the supersaturation ratio, T is the 
temperature in Kelvin and kB is the Boltzmann constant. The supersaturation ratio,
0p
p , 
with p as the vapor pressure and p0 as the equilibrium vapor pressure of the condensed phase 
at the same temperature.  
 Similar to VLS method, thermal CVD technique can be used for growing 
nanostructures via VS route. The source material is normally placed at high temperature zone 
of the furnace. The substrates to support the nanostructures were located at a lower 
temperature zone. The reactant gases were first formed by using techniques such as thermal 
evaporation of respective source materials [47-55]. Reactants are then transported by carrier 
gas to the substrate kept at a favorable temperature. The resultant morphology of the 
nanostructures largely depends on the substrate temperature, processing pressure, carrier gas 
flow rate and source material [48]. Pan et al. reported a versatile approach to create metal 
oxides in unique nanobelt morphology by direct evaporation of respective metal oxide 
powders without using any metal catalysts [47]. Despite the crystallographic structure 
diversity among binary oxides including ZnO, SnO2, In2O3, CdO and Ga2O3, nanobelts are 
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readily formed via VS route. Using the VS route nanostructures including ZnO nanotubes 
[56], ZnO NWs [57], nitrogen doped tungsten oxide NWs [58], were also synthesized. 
The versatility of creating complex hierarchical nanostructure via VS route has been 
established. Such capability will facilitate our efforts to achieve high density integration of 
nanostructure assembly. Following VS route, ZnO comb like structures [59] and 3D WO3-x 
NW networks [60] has been reported. Lao et al. prepared hierarchical ZnO nanostructures on 
In2O3 NWs by using ZnO, In2O3 and graphite powders as source materials [61]. The InOx 
vapors first evaporated and form In2O3 NWs on the collector substrates. Then ZnOx 
vaporized and the secondary growth produce branches on the already existing In2O3 NW 
sidewalls. Radial In2O3-SnO2 heterostructure was also reported by Vomiero et al. using the 
VS approach [62].  In another example Sun et al., produced SnO2 hierarchical nanostructures 
in a multi-step thermal evaporation method [63].                             
 To fabricate vertically aligned structures through the VS route, one can either choose 
a lattice matching foreign substrates to promote heterogeneous epitaxial growth or can use a 
seed layer for homogeneous epitaxial growth [64-65]. In addition, modification of surface 
roughness of the substrates with non-matching lattices, one can also effectively improve the 
alignment of nanostructures via the VS route [66]. 
 The exact physical mechanism that governs the anisotropic growth of nanostructures 
via VS route is not clear. The morphology of the resultant nanostructures is found to be 
largely determined by the anisotropy in the growth rates of different crystallographic surfaces. 
Certain crystal surfaces have relatively higher surface energy and tend to grow faster to 
minimize the total energy of the system resulting in anisotropic crystal growth. In addition, 
the presence of defects like screw dislocations also facilitates the growth in the VS process.  
  
iii. Template Assisted Growth 
 
Use of proper templates to direct the crystal growth is a versatile technique to produce 
monodisperse metal oxide nanostructures. By using the template assisted approaches, various 
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compositions of materials can be crafted at the nanometric regime. Either negative templates 
with nanosized pores (e.g. anodic alumina (AAO), track etched polycarbonate films) or 
positive templates (e.g. NWs, CNTs etc.) can be used as scaffolds to confine the crystal 
growth. The use of templates to create oxide nanostructures was first reported in early 1990s. 
Early efforts on the template assisted synthesis of metal oxide nanostructures were focused on 
CNTs as positive templates [67]. In the CNT templating method, the surface of the CNT is 
first coated with desired metal oxide. This is followed by the removal of the CNT templates 
either by thermal heating or by chemical means.  
Recently many other 1D nanostructures were employed as the template to create 
various metal oxide nanostructures. The epitaxial deposition of technologically important 
mixed oxides such as superconducting YBCO, magnetic LCMO, ferroelectric PZT and Fe3O4 
on vertically oriented MgO NWs by pulsed laser deposition has been reported [68]. A similar 
approach was used for the creation of MgO/titanate hetrostructures [69].  
The NW templating method can be effectively used for the realization of 
nanostructures of structurally complicated multinary metal oxides by various solid-state 
reaction mechanisms [70-72]. Well aligned β-Ga2O3 NWs were coated with ZnO using metal 
organic CVD technique and subsequent annealing at 1000 °C in O2 atmosphere produced 
Ga2O3/ZnGa2O4 core-shell NWs, single-crystalline ZnGa2O4 NWs, and ZnGa2O4 NWs inlaid 
with ZnO nanocrystals [70]. Spinel Zn2TiO4 NWs were synthesized by coating ZnO NWs 
with Ti and subsequent annealing at 800 ºC in low vacuum condition. Heating causes solid 
state reaction via diffusion of Ti atoms into the ZnO leading to the phase transformation from 
wurtzite ZnO to spinel Zn2TiO4 [71]. In another example, depositing Al2O3 on ZnO NWs 
using atomic layer deposition (ALD) technique and subsequent annealing of the resultant 
ZnO-Al2O3 core-shell structures produced spinel ZnAl2O4 nanotubes by nanoscale kirkendall 
effect [72].  
 
iv. Direct growth by Solid-Vapor Interaction 
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Whisker or needle shaped metal oxides structures have drawn attention of scientific 
community as early as 1950s [73-74]. Microscopic studies on pure metal pieces thermally 
oxidized in air or oxygen environment revealed the presence of whiskers grown perpendicular 
to the metal surface. The anisotropic growth of oxides along certain crystal axis is believed to 
be due to the presence of screw dislocations [73]. Another type of whiskers with pores along 
their axes was grown when Beryllium metal was heated in a silica furnace tube in hydrogen 
with a trace of water vapor [75]. In this particular growth mode a metal ball always appeared 
at the tip of the whisker. By heating a W foil which is partly covered by a SiO2 plate in Ar 
atmosphere at ~1600 ºC, Zhu et al., observed the formation of tungsten oxide tree like 
microstructures with nanoneedle branches [76]. Gu et al. reported the formation of tungsten 
oxide NWs on W wires/foil by heating in Ar atmosphere [77]. They suggested that the 
mechanism of formation of NWs on the clean metal surface may be governed by the VS 
mechanism. Recently a number of reports presented the direct growth of metal oxides on the 
respective metal surfaces heated at right conditions [78-82].  
 
Hotplate Method: We have developed a simple and yet efficient method to grow metal oxide 
nanostructures in large quantity by heating metal foils in ambient conditions on a thermal 
hotplate. Using this technique, vertically oriented α-Fe2O3 nanoflakes [83-84], Co3O4 
nanowalls [85], CuO NWs [86] and CuO-ZnO hybrid nanostructures [87] have been 
synthesized. The coverage and size of the hotplate grown nanostructures can be controlled by 
varying the growth time. Surprisingly, the hotplate method produced metal oxide 
nanostructures with high crystalline quality. Being at a low temperature (200-550 ºC) and a 
catalyst-free method the hotplate technique is particularly attractive. The morphology and size 
of the nanostructures can be controlled by simply varying the growth duration [85]. The 
hotplate method for the direct growth of nanostructures on metal foils has advantages of low 
cost and large scale production.  
The mechanism that governs the direct growth of oxide nanostructures on respective 
metal substrate is not well understood. Yu et al. proposed a solid-liquid-solid (SLS) 
Chapter 1                                                          Introduction to Metal Oxide Nanostructures 
 11
mechanism for the direct growth [85]. Due to heating, surface melting occurs even at low 
temperature. The adsorbed oxygen atoms from the surroundings react with the melt forming 
various sub-oxides of the metal. This is followed by nucleation of the most stable oxide 
phase. Surface diffusion of the constituent atoms towards the nucleated crystals fueled the 
growth of the nanostructures. The morphology of the resultant nanostructures is most likely 
controlled by kinetic factors. 
 
1. 2. 2 Liquid phase growth 
 
 Metal oxide nanostructures with controlled size, shape and structure can be 
synthesized by solution based methods using relatively simple laboratory equipments. In 
solution based methods, metal precursors are dissolved in appropriate solvents and the 
nucleation and growth of the nanostructures are controlled by degree of supersaturation, 
temperature, PH value etc. Due to the large surface energy associated with the nano entities 
suitable surfactants are employed to stabilize and/or direct the growth of nanostructures. The 
solution based growth can be broadly classified as a) aqueous b) non-aqueous and c) template 
assisted solution routes. In the aqueous solution process, appropriate metal salts are dissolved 
in water and the oxide is formed when the mixture is heated at certain optimum temperature. 
On the other hand, the non-aqueous solvothermal process involves mostly organic solvents as 
the growth medium. The shape and morphology control is achieved by properly selecting the 
growth parameters or using appropriate surfactants/ligands to direct the growth. In template 
assisted method, the nanometric growth control is achieved by confining the growth inside 
nanopores or channels. In this chapter, a brief note on these techniques is provided. 
 
i. Aqueous Solution Route  
 
 Most common solution based synthesis of metal oxide nanostructures is the aqueous 
solution method in which the chemical reaction leading to the formation of nanostructures 
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takes place in the presence of water. Nanostructured metal oxides, particularly transition 
metal oxides, in the form of spherical or faceted nanoparticle [88] to highly anisotropic NWs 
or nanotubes [89-91] have been synthesized via the aqueous solution method. Normally metal 
alcoxides or metal halides are used as the metal precursors. The purity as well as crystal 
quality of nanostructures can be improved by carrying out the synthesis at elevated 
temperature. Such reactions can be conducted in a closed container like autoclave at high 
pressure. The high pressure allows the reaction temperature to be higher than the boiling point 
of water. Reaction in such closed system at high temperature above the boiling point of 
solvents is known as the solvothermal process. If the solvent is water it is called hydrothermal 
reaction. For more detailed description on the hydrothermal synthesis of metal oxide 
nanostructure, please refer to recent reviews [92].   
 
ii. Non-aqueous solution route 
 
 Recently, the non-aqueous solution route to synthesize crystalline metal oxide 
nanostructures has attracted much attention [93]. In non-aqueous solution route, the growth 
medium is usually organic solvents. Park et al. demonstrated the feasibility of using non-
aqueous method to synthesize ultra large scale metal oxide nanocrystals [94].  They used 
metal-oleate complex as the precursor and a mixture of oleic acid and 1-octadecene as the 
solvent. When this mixture is heated at 320 ºC, severe reaction occurred to form 
corresponding metal oxides nanocrystals. 
Nanostructures of mixed metal oxides nanostructures, which are otherwise hard to 
synthesize, can be controllably produced using non aqueous solvothermal routes. O’Brien et 
al, reported a generalized method to synthesize complex oxide like BaTiO3 nanoparticles 
using an ‘injection-hydrolysis’ protocol [95]. In a typical experiment, barium titanium ethyl 
hexano-isopropoxide, is injected into a mixture of biphenyl ether and stabilizing agent oleic 
acid at 140 °C under argon or nitrogen. The mixture is cooled to 100 °C and a 30 wt % 
hydrogen peroxide solution is injected through the septum (vigorous exothermic reaction). 
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The solution is maintained in a close system and stirred at 100 °C over 48 h to promote 
further hydrolysis and crystallization of the product in an inverse micelle condition. Size 
control is achieved by varying the reagent concentration. Using this technique ferroelectric 
BaTiO3 nanoparticle of size 6-12 nm was synthesized. Single crystalline perovskite nanorods 
of BaTiO3 and SrTiO3 were synthesized by the decomposition of bimetallic alkoxide in the 
presence of coordinating ligands [96]. The reaction carried out at a temperature of ~100 °C in 
a mixture of heptadecane, H2O2 and oleic acid. The anisotropic growth is attributed to the 
precursor decomposition and crystallization in a structured inverse micelle medium formed by 
precursors and oleic acid under these reaction conditions. 
Size and shape control in solution routes can be achieved by employing various 
strategies. An efficient means to obtain nanoparticles with uniform size is through the 
Ostwald ripening process [97]. Ostwald ripening process occurs during aging of the 
nanoparticle suspension by which the growth of bigger particle is facilitated at the cost of 
smaller ones due to size dependent dissolution. Considerably narrow size distribution on the 
nano-products can be achieved by separation of nucleation and growth process. A principally 
different approach to form anisotropic nanostructures including metal oxides is the so-called 
oriented attachment of nanoparticles during aging [98-99]. Oriented attachment refers to the 
process in which adjacent particles spontaneously self-organized to share a common 
crystallographic orientation [98]. Metal oxide nanostructures with complex morphologies can 
be produced using the oriented attachment mechanism [100].  
 
iii. Template Assisted Liquid Phase Growth 
 
 Use of nano-porous materials as host for the synthesis of nanostructures was 
pioneered by Martin’s group [101]. Early attempts were focused on the synthesis of metals 
and conducting polymer structures via the template assisted method [101-102]. Filling of 
nanopores of the negative templates by means of solution based techniques is a feasible way 
to synthesize metal oxide nanostructures. Subsequent removal of the template by selective 
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etching yields nanostructures. As mentioned earlier, the most common negative templates 
used for the growth of nanostructures are AAO and track-etched polycarbonate. The AAO 
templates can be produced by anodizing pure Al foils in various acids. AAO have high 
chemical, thermal and mechanical stability which makes them ideal template for 
nanofabrication. Porous AAO templates with high nanopore density, in various pore sizes are 
now available. The solution based filling of the template pores is either achieved by sol-gel 
chemistry or electrochemical route. 
 
Sol-Gel Processing: The template assisted sol-gel chemistry route is a viable method to 
produce nanostructures of many chemical compositions. In sol-gel technique a suspension of 
the colloidal sol of the materials was first prepared by hydrolysis and polymerization of 
precursor molecules. Either inorganic metal salts or organic metal alkoxides can be used as 
precursors. The subsequent condensation of as-prepared sol yields the gel. The pores of the 
templates can be filled by the as-prepared sol by direct infiltration due to capillary action or 
electrophorectic method [103]. Template assisted sol-gel technique is particularly useful for 
many materials to be sculptured into 1D nanostructures (NWs or nanotubes) using appropriate 
processing conditions. Lekshmi et al. first extended the template assisted sol-gel method to 
produce array of 1D metal oxides [104]. They demonstrated the feasibility of using AAO 
template to create 1D nanostructures of TiO2, ZnO and WO3 by the direct immersion of the 
template in respective sols prepared using sol-gel chemistry approach. Due to capillary action, 
the sols fill the pores of the AAO template. Heat treatment and subsequent removal of 
template by dissolution in aqueous NaOH solution yield the respective 1D nanostructures. 
The end-products can be nanotube or NWs depending on the immersion time and sol 
temperature. Following this pioneering work, numerous materials were engineered into 
nanometric structures using the template assisted sol-gel route. One of the advantages of using 
the well developed sol-gel chemistry method is the possibility to control the stoichiometry of 
complex multi-component oxides that are not straightforward or impossible to achieve via 
vapor phase techniques [105-107]. Recently, Kim et al. reported the preparation and 
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ferroelectric properties of ultra-thin walled Pb(Zr,Ti)O3 (PZT) nanotube arrays by using the 
AAO template assisted sol-gel process [108]. In their work, the infiltration of AAO nanopores 
was facilitated by spin coating.  
 
Electrochemical Deposition: The electrochemical deposition in conjunction with templates is 
a viable low temperature method for the production of various metal nanostructures. The 
deposition is normally carried out in a conventional three electrode electrochemical bath with 
the template to be deposited is configured as the cathode. Since most of the templates are 
insulating, a metal coating on one of the surface is essential in order to use them as electrodes. 
The salt solution of the metal to be deposited was used as the electrolyte. The production of 
metal oxide nanostructures by electrochemical deposition route can be realized by either 
direct oxide deposition [109-112] or adopting post oxidation protocol on electrochemically 
deposited metal nanostructures [113]. 
 
1. 3 Physical properties of metal oxide nanostructures 
 
1. 3. 1 Electrical Properties 
 
Electrical properties of low dimensional nanostructures show deviation from their 
bulk form. The variation in the electronic properties of materials with dimensionality can be 
explained on the basis of difference in electronic density of states [114]. In general, the 
density of states, 12/  DE , where E is the energy and D is the dimensionality (3 or 2 or 1 
depending on whether 3D or 2D or 1D). In addition, the spatial confinement in nanostructures 




Eg  , where d is the characteristic size of the nanostructure. Due to 
varied degree of confinement, the band gap shift evolves differently with size in 
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nanostructures of different dimensionality [114-115]. Thus, the electric transport properties of 
nanostructures are expected to be dependent on the characteristic size and shape.  
 The electrical transport properties of nanostructures can be sensitively affected by the 
large electron scattering at the boundaries [116]. The large surface scattering results in an 
increase in the resistivity of the nanostructures compared with the bulk materials. This makes 
the electrical properties of the nanostructures sensitive and dependent on the surface and 
surrounding medium [117].  
 Metal oxides exhibit the whole spectrum of conductivity which ranges from metallic 
through semiconductor to insulators. The electrical properties of metal oxide nanostructures 
are particularly interesting as one can follow how the myriads of electrical phenomena 
observed in the bulk evolve with size and shape at the nanometric regime. Over the years 
many research efforts focused on the transport properties of metal oxide nanostructures. In 
particular, transport properties of 1D metal oxides have attracted tremendous attention owing 
to their possible dual role as functional electronic components as well as interconnects. In the 
following sections, an overview on the electric transport properties of metal oxide 1D 
nanostructures is described. 
 
i. Electrical Properties of 1D metal oxides 
 
The electrical transport properties of 1D structure are usually determined by 
performing two-probe or four-probe measurements by laying them across metal electrodes 
with a few micron gap. The nanostructures are first dispersed on a substrate and then suitable 
metal electrodes are deposited using appropriate masking techniques. Alternatively, one can 
deposit the nanostructures on substrates which are pre-patterned with metal electrodes. In 
some cases, aligning strategies were employed to precisely place the nanostructures across the 
electrodes [118-119].  
The diversity in crystal structure (and the hence the electronic band structure) provide 
the metal oxides with different electrical behavior. Studies suggested that for most of the 
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nanostructured metal oxides investigated, the electrical properties resembles to their bulk 
material (semiconducting or metallic or insulating). However significant quantitative 
variations from the bulk material properties are often observed. The I-V characteristics of 
CdO nanoneedles [120], RuO2 NWs [121] and ITO NWs [122] showed metallic behavior. 
Whereas ZnO NWs [123], SnO2 NWs [124], VO2 nanobelts [125], V2O5 NWs [126], and 
W18O49 NWs [127] have showed semiconducting I-V characteristics.  
 
ii. Nanowire Field Effect Transistors 
 
 Quantitative information regarding the carrier type (electron or holes), carrier density, 
and carrier mobility could be retrieved from measurements on a NW, designed in a three 
terminal device configuration. The working principle is analogous to the Field Effect 
transistor (FET) in micro electronic industry. Typically NWs are dispersed on a degenerately 
doped Si substrate with SiO2 over layer. This is followed by patterned electrodes fabrication 
using lithography techniques. More advanced metal deposition techniques using electron 
beam lithography or focused ion beam (FIB) techniques can be used to selectively deposit 
metals to perform single NW level measurements. The metal contacts on either side of the 
NW could function as source (S) and drain (D) electrode and the bottom Si bulk can be used 
as the gate electrode. At moderate doping level, the Debye screening length (λd) of most of 
the metal oxides is in the range of 10-100 nm [128]. This implies that, one can control the 
current through the NW by varying the gate voltage (Vg). In such configuration, the total 
charge on the NW can be expressed as [129], 
 gTCVQ  , where C is the NW capacitance with respect to the back gate and VgT is the 
threshold gate voltage required to completely deplete the carriers from the channel. By 




LC  ,                 (1.3) 
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where L is the NW length, r its radius, h is the thickness of the SiO2 layer, ε is the average 
dielectric constant of the NW material. The carrier density is given by eLQn /  cm-1. The 
carrier mobility (µ) can be determined according to, VLCdVdI g )/(/
2 , where I and V 
is the source-drain current and voltage respectively.  
The FET performance of many semiconducting metal oxide nanostructures has been 
reported recently. Single ZnO NW FET, for example, was reported by many researchers [130-
131]. Maeng et al. fabricated a FET using ZnO NW and its performance was evaluated under 
different environments [132]. By appropriately doping the NWs, the FET characteristics of 
ZnO NWs can be tuned [133-134]. In addition, recent studies reveal that the performance of 
single ZnO NW largely dependent on their surface microstructures. For example, Hong et al. 
demonstrated the effect of surface morphology on the FET performace of ZnO NWs. The 
authors synthesized ZnO NWs with corrugated and smooth surfaces and showed the 
tunability of FET performance with such control over the surface architecture [135].  
 Improved device performance was achieved by fabricating vertical surrounded-gate 
FETs ZnO NWs [133]. Such design would facilitate high density integration and eliminate the 
alignment and lithographic issues associated with the horizontal single NW based FETs. 
 
iii. Conductometric Nano Sensors 
 
Most of the commercially available gas sensors contain doped or pristine metal 
oxides. This is due to the selective adsorption of specific analyte molecules on certain metal 
oxide surface [1]. As a result, its properties modify and provide quantitative informations on 
the presence of the analyte molecules. If the sensor functions on the basis of electrical 
conductivity changes of the active material, it is called conductometric type sensors. 
Presumably, the huge surface fraction of the nanostructures enhances the sensing capability of 
the metal oxides compared with the coarse-grained polycrystalline bulk materials. In addition, 
nanostructures having reduced defects and being free of dislocations will improve the stability 
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and performance in sensing applications [136]. The conductivity of the ZnO NWs was found 
to be highly sensitive to the UV light [137-138]. The ultraviolet photoconductivity of ZnO 
was found to be significantly enhanced when size is reduced to the nano regime [137]. Such 
variation in the electrical conductivity is attributed to the desorption of adsorbed oxygen 
species from the surface of the NW. This effect can be utilized for the fabrication of ultrafast 
optical switches and photodetectors.  
 
iv. Nanowire FET Sensors 
 
The FET characteristics of metal oxide nanostructures are found to be highly 
dependent on the surrounding medium. ZnO NW FET is sensitive to oxygen partial pressures 
[139]. Individual and multiple In2O3 NWs in FET configuration are found to be sensitive to 
NO2 gases at ppb level [140]. The sensing properties of NW FETs depend on the doping level 
of the NW as well. Zhang, et al. reported the sensing capability of single In2O3 NW transistors 
for the detection of NH3 gas [141]. Sysoev et al. demonstrated an electronic nose device 
based on conductivity measurement on an array of three kind of metal oxide (Ni surface 
doped and pristine SnO2, TiO2, and In2O3) NWs in a single chip to selectively detect the 
presence of H2 and CO gases in an oxygen environment [142].  
 The electrical properties of metal oxides nanostructures are dependent on various 
factors such as size, defects and microstructures, surface properties and environment in which 
measurements are carried out. Due to these multiple factors, electrical properties of the same 
kind of NWs reported by different researchers showed large inconsistency [143]. 
 
1. 3. 2 Mechanical Properties 
 
 The theoretical calculations and subsequent experimental verification of the ultrahigh 
strength of CNTs have stimulated intensive research on the mechanical properties of 
nanosized structures [144-147]. Different from bulk materials, the mechanical properties of 
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many nanostructures varies as a function of their characteristics size. Such size effect has 
great importance from both fundamentally as well as from a technological view point. 
Particularly, studies on the mechanical properties of nanostructures will provide greater 
insight into the fundamental mechanism of material deformation and failure.  
Due to their small size, the experimental characterization of mechanical properties of 
nanosized structures proves to be challenging. The challenges include their manipulation, 
application of force and measurement of the corresponding deformation. Accuracy in the 
range of nano-Newton in force and nanometer in deflection measurements are required to 
extract elastic constants of nanostructures. Recently, direct bending or indentation techniques 
using atomic force microscope (AFM) was developed to characterize the mechanical 
properties of NWs/ NTs [146, 148-150]. The elastic constants of NWs/ NTs can be evaluated 
by exciting them into mechanical resonance vibration inside electron microscopes [145, 152-
153]. Another way to extract elastic constants of 1D structure is in-situ electron microscopy 
techniques [154-157].  
 
i. AFM Based Techniques 
  
 AFM provides exceptionally high precision in force and deflection measurement at 
the nano-Newton and nanometer level, respectively. Nanoscale three-point bend test, lateral 
force microscopy or nanoindentation test can be performed using AFM on a nanostructure to 
extract its elastic constants. A brief overview on the experimental strategies developed using 
AFM for mechanical testing is discussed below and the obtained results on various metal 
oxide nanostructures are highlighted.  
 
1) Nanoscale three-point bend test 
 
 Nanoscale bending test can be performed using AFM on suspended NWs across the 
trenches fabricated on hard substrates like Si. An AFM cantilever of accurately calibrated 
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force constant is used for applying a normal force on the mid-point of the suspended NW. 
From the recorded force-distance curve (vertical deflection of the cantilever versus Z-piezo 
position), the force and the corresponding deflection on the NW can be estimated [158]. By 





                      (1.4) 
where F is the force, L is the suspended length of  the NW, δ  is the deflection, and I is the 
second moment of area of the NW. For a NW of cylindrical cross-section, I =πd4/64, with d as 
the diameter. Since 4 dY , the accuracy in the measurement of diameter largely determines 
the error in estimated Young’s modulus of the NW (Relative error,
d
dYY  4 ). To reduce 
error in calculation, the diameter measurement from cross-sectional SEM/TEM image of the 
1D structure is more appropriate. In addition the slippage at the end point of the suspending 
NWs also cause large error in the estimated elastic modulus using AFM three-point bend test.  
 Tan et al. reported the elastic properties of CuO NWs by the nanoscale three-point 
bend test using AFM [159]. The effects of crystallinity, surface properties and size of the CuO 
NW on its elastic constant were discussed. Following similar methodologies, Cheong et al. 
observed a size dependent Young’s modulus of WOx NWs [160].  
  
 2) Lateral force microscopy 
 
 One of the early work on the mechanical characterization of 1D structures was based 
on quantifying the lateral force signal obtained while an AFM cantilever was used for 
deflecting a one end pinned NW [146]. Song et al., demonstrated the feasibility of AFM 
lateral force microscopy technique to characterize mechanical properties of vertically aligned 
ZnO NWs avoiding the tedious manipulation and assembly steps [161]. 
 




 In nano-indentation, a sharp tip made of a hard material and with a known geometry 
and elastic properties is used to make an indent on the material to be tested. From the details 
of applied load and penetration depth, the mechanical properties of materials can be extracted. 
For nano-indentation tests, the nanostructures are dispersed on a hard substrate. It is 
recommended that the nanostructures are secured by using the FIB technique or the like, to 
prevent sliding during indentation. The nano-indenter is often used in conjunction with an 
AFM, so that the testing and subsequent imaging of the indent region can be carried out [162-
163]. Lucas et al. investigated the size dependent elastic modulus of the ZnO nanobelts using 
a modified nano-indentation technique [164]. The observed aspect ratio dependence on the 
elastic constant of ZnO nanobelts attributed to the growth direction dependent aspect ratio and 
variation in defects. 
 AFM based techniques provides a platform for acquiring force-deflection curves 
simultaneously during the application of force.  However, AFM techniques lack the in situ 
structural characterization and imaging during test. 
 
ii. Resonance Method 
 
 The resonance test developed to obtain the mechanical properties of 1D 
nanostructures are normally conducted inside electron microscopes for visualization purpose. 
First experimental calculations of Young’s modulus of CNT was performed by setting a free 
standing CNT into thermal vibration inside a TEM and measuring the resonance frequency 
[145]. Later, mechanical vibrations induced by electric field emerged as a versatile tool for 
nano-mechanical characterization [152]. When a static potential is applied to the projected 
NW/NT, its end is electrically charged and attracted to the counter electrode. If the NW/NT is 
not perpendicular to the counter electrode, it bends towards the counter electrode. On the 
other hand, applications of alternating field to such protruding NWs/NTs results in dynamic 
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deflections. If the frequency of the applied field is varied the NW/NT can be excited into the 




f ii  2
2
               (1.5) 
where, βi is a constant for the ith harmonic with values, β1 =1.875, β2 = 4.694, L is the length 
of the cantilever beam, Y is the elastic modulus, I is moment of inertia, Σ is the mass density 
and A is the cross-sectional area of the nanostructures. For a NW of circular cross-section 
with diameter d, the expression can be written as, 
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.             (1.8) 
Chen et el. studied the size dependent Young’s modulus of the ZnO NWs by resonance 
technique inside SEM [165]. Young’s modulus of other metal oxide nanostructures including, 
ZnO nanobelts [166], WOx NWs [162] and β-Ga2O3 NWs [163] were also determined using 
the resonance method. 
Table 1 shows a summary of the mechanical properties of the various metal oxide 
nanostructures estimated using the above described techniques. Many of the metal oxide 
nanostructures exhibited a size dependent elastic behavior. The origin of size dependent 
elastic modulus is a topic of fundamental research. As size shrinks to nanoscale, the surface 
atoms contribute to the material properties significantly. The surface atoms are in a state of 
strain due to the uneven bonding compared to the atoms in the interior of the nanostructures. 
Effect of surface stress and reduced defects are considered to be the causes of size dependent 
mechanical properties of nanosized materials. 
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Table 1.1 Mechanical properties of metal oxide nanostructures 




















ZnO Nanowires 29 ± 8 GPa 
 

















































Recently, theoretical modeling on the mechanical properties of nanostructures by 
considering a combined effect of surface and bulk properties was reported. Miller et al. 
explained the size dependent elastic properties of nanostructures by taking into account the 
surface elasticity [171]. Their model predicts that the deviation of an elastic property D from 








c 0               (1.9) 
where C is a dimensionless constant that depends on the geometry of the structural  element, h 
is a length defining the size of the structure and h0 ≡ S/Y is a material length which sets the 
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scale at which the effect of the free surfaces become significant. The quantity S is a surface 
elastic constant relevant to the structural element being considered and Y is the corresponding 
elastic modulus of the bulk material. 
Similarly, Chen et al. modeled the NW as composite material with bulk core and 
surface with different elastic properties [165]. The flexural rigidity of such composite material 
can be written as, 
sbb SIIYYI             (1.10) 
where Ib and Is are the moment of inertia of cross section of the core and the shell, 


















b            (1.11) 
where rs is the depth of the shell and D the total NW diameter. The experimental data 
obtained from the resonance method fit well in the above equation. However, the applicability 
of this model is limited by the arbitrary nature of constants S and rs. Recently, Agrawal et al. 
carried out molecular dynamics simulation studies using the concept of core-shell model to 
interpret the size dependent elastic modulus of ZnO NWs [161]. 
 On the other hand, adding the surface stress contribution to the total energy of a bend 







LYY b   ,               (1.12) 
where τ is the surface stress, ν is the Poisson’s ratio, L is the length of the NW and d is the 
diameter of the NW. Thus the elastic modulus of the NWs can be larger or lower than the 
corresponding bulk material depending on the positive or negative surface stresses. 
 Jing et al. take into account both surface stress and surface elastic constant to 
calculate the elastic constant of the nanostructure [173]. The total surface stress of the 
nanostructure due to an applied strain of ε can be expressed as, 
 S 0                                  (1.13) 
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88  .         (1.14) 
 Although large amount of contributions has been made to this topic during the last 
few years, a satisfactory theoretical framework is still lacking to elucidate the size dependence 
on the mechanical properties of nanostructures. This is fundamentally due to many 
contributing factors that determine the overall mechanics of nanostructured materials. Some 
of these factors are surface properties, internal microstructure (e.g. anisotropic growth 
direction), defects and geometry of the nanostructure.  
 Utilizing the mechanical properties of metal oxide nanostructures, many prototype 
devices are proposed and some of them have been demonstrated recently. Wang et al. 
demonstrated a direct-current nanogenerator making use of the piezoelectric properties of 
ZnO [174-176]. In their work, either an AFM tip or a micro fabricated zigzag electrode was 
used to deflect the free end of vertically oriented ZnO NWs. The strain field induces charge 
separation on the piezoelectric ZnO and generates continuous direct current that would be 
adequate enough for powering various nanodevices.  
 
1. 3. 3 Optical Properties 
 
 The energy states near the band edges of low dimensional materials are densely 
packed. This enhances the probability for optical transition to occur. Metal oxides 
nanostructures, in particular those having a direct band gap are found to have attractive 
optical properties and could function as various nano-photonic components [177-179]. 
Research activities on nano-photonics has stimulated by the discovery of room temperature 
ultraviolet lasing in vertically oriented ZnO NWs [180]. Well aligned ZnO NWs on sapphire 
substrates, could function as natural laser cavities when excited with fourth harmonic of 
Nd:YAG laser. The excitation light was incident at an angle to the aligned NWs and the 
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emission spectra were collected parallel to the long axis of the NWs. Stimulated emission 
from the NWs was observed when the excitation intensity is greater than a threshold power of 
~40 kW/cm2. The lasing is likely to be caused by exciton recombination in ZnO. The 
threshold power for crystalline NW lasers are found to be significantly lower than that 
required for lasing for ZnO thin films (>300kW/cm2). Later the same group demonstrated the 
lasing action in an isolated ZnO nanobelt dispersed on a sapphire substrate [181]. The low 
threshold lasing from ZnO nanorods synthesized via solution growth technique was also 
reported recently [182]. Optical lasing action is observed in other metal oxide systems like 
SnO2 NWs [183]. 
Nanostructures of SnO2 and ZnO are found to have sub-wavelength optical wave 
guiding capability [181, 184-185]. This could be useful for the realization of integrated nano-
optoelectronic devices, computing and sensing. Wave guiding ability of the SnO2 NWs was 
utilized for the demonstration of a prototype multifunctional optical sensor [186-187]. 
 
1. 3. 4 Field Emission Properties 
 
 Field emission is the process of electron emission from condensed phase to vacuum 
by electron tunneling caused by the application of high intensity electric field [188-189]. The 
applied field modifies and narrows the potential barrier of electrons at the solid-vacuum 
interface. This enables the electrons to tunnel through the barrier. Field emitters have 
applications in diverse fields including flat panel displays, x-ray sources, electron 
microscopes etc. 
The field emission from metals is explained by quantum mechanical tunneling theory 
developed by Fowler and Nordheim [190]. Figure 1.1 shows schematic of the energy diagram 
of electrons at the surface of a metal at 0K. In the absence of the field the potential energy of 
the electron at a distance x from the surface is determined by the image potential (-e2/4z). 
After the application of an electric field, the potential energy of the electron is represented by 
the solid curve and is given by,  






                       (1.15) 
where e is electronic charge and El is the local electric field at the metal surface. The 






























Figure 1.1 Potential energy diagram of electrons at the surface of a metal. 
 
 





                                           (1.17) 
where E┴ is part of the electron energy due to the momentum perpendicular to metal surface.  
n(E┴) is the number of electron with energies in between E and E┴+dE┴ incident on unit area 
of the potential barrier surface from the metal. D(E┴,F) is the tunneling probability of the 
incident electron with energy component E┴ due to momentum perpendicular to the metal 








BEAJ                                                          (1.18) 
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According to equation (1.18), the plot between ln(J/El2) versus 1/El (so-called Fowler-
Nordheim (F-N) plot) gives a straight line. Although equation (1.18) is derived for metal field 
emitters, it is often employed for most of the semiconducting field emitters as well.  
 A useful field emitter should need to have attributes such as low turn-on field 
(defined as the applied field at which the emission current density reaches 10 µA/cm2), high 
current emission capability, long term emission stability, high mechanical and chemical 
stability and availability of cost effective fabrication techniques. Conventional field emitters 
are micro-fabricated sharp tips made of metals or semiconductors [191-193]. The fabrication 
involves expensive multi-step lithography techniques including thin film deposition, 
photolithography, etching and lift-off procedures. Two types of design normally used in the 
vacuum microelectronics are the gated and un-gated Spindt type field emitters [191-193]. In 
gated Spindt field emitters, the electric field is applied using a gate electrode which is 
fabricated ~ 1μm away from the emitter tip and an additional electrode is used for the 
collection of the emitted electrons. In such a design, a field of 100 V/μm is necessary to 
obtain appreciable current density. Greater efforts have been devoted for the realization of 
field emitting structures which can be fabricated by simple means and can be operated at low 
voltage conditions.  
 The invention of efficient field emission from CNT arrays [194-196] has stimulated 
intense efforts in the investigation of field emission properties of other nanostructures. The 
CNT emitters exhibit low turn-on field and long term stability. However, the lack of structure-
controlled growth strategies for CNTs is a challenging issue in device integration. 
Alternatively, FE emitters based on metal oxide nanostructures have attracted attention due to 
the feasibility of precise structural control during the growth process. In addition, the oxides 
emitters can be operated in the presence of oxygen. These factors guaranteed a predictable 
voltage-current characteristic from nanostructured metal oxide field emitters. 
 Typically the field emission properties of nanostructures are characterized in vacuum 
conditions with base pressure better than ~10-6 Torr. Table 2 summarizes the field emission 
properties of various metal oxide nanostructure arrays. Nanostructures of zinc oxides, 
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molybdenum oxides, tungsten oxides and niobium oxides are found to exhibits efficient 
electron field emission capability. The field emission characteristics are sensitively dependent 
on the geometrical shape and areal density of nanostructures.  
 
Table 1.2 Field emission properties of metal oxides nanostructures. Turn-on field is defined 
as the applied field at which the emission current density reaches 10 µA/cm2 (unless 
otherwise indicated). The threshold field is defined as the field at which the emission current 
reaches 10 mA/cm2 (unless otherwise indicated). 
 
Material  Geometry  
 
Turn-on field 
(V/µm)   
Threshold field 











2.4 (0.1µA/cm2)     
3.7  
1.9 (0.1µA/cm2)  
11.0 (1 mA/cm2) 
6.5  
<4.6 (1 
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MoO2 Nanowires 2.4 5.6 -- [202] 
WO2.9 Nanorodes 1.2 -- Good [203] 




































-- Good [209] 
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α-Fe2O3 Nanowires 6.3 10 -- [210] 
TiO2 Nanowires 
 
5.7 -- -- [211] 












AlZnO Nanowires 2.9 (1µA/cm2) 3.7 (1mA/cm2) Good [215] 
 
Effect of Morphology: The field emission from nanostructures is found to be largely 
dependent on their morphological shape [217-221]. Among different morphological 
manifestations of the same material, one with sharp tip and high aspect ratio was found to 
exhibits better field emitting characteristics. The effect of morphology on field emission of 
nanostructures predominantly arises from the variations in the local field enhancement at the 
emitter tip. Zhao et al. reported the field emission characteristics of three different 
morphological variations of 1D ZnO nanostructures [219]. The efficient field emission current 
density obtained from the nanoneedles with sharp tip was explained by the basis of its large 
field enhancement factor. The enhancement factor can be expressed as
r
ds 1 , where d 
is inter-electrode separation and r is the radius of the emitter. The screening factor, s is 
dependent on the areal density of the emitters in the sample. Evidently, the enhancement 
factor increases with decrease in the radius of the emitter. 
Effect of Arial Density: The local electric field at the emitter tips of field emitter is affected 
by its neighboring emitters. The screening factor of field emitter arrays is a determining factor 
of the emission characteristics. Thus the screening factor ranges from 0 for a densely packed 
emitter array to 1 for a single emitter [222]. For this reason, the coverage of nanostructures on 
the sample affects its field emission characteristics significantly. Wang et al. studied the field 
emission properties of vertically well aligned ZnO NW arrays of different areal densities. 
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Their results showed that an areal density of ~60 to 80 μm-2 and an average length of ~1 μm 
exhibits better field emission performance with low turn-on and threshold fields [223].   
 In view of future application as electron sources in electron microscopes, the field 
emission characteristics of single metal oxide nanostructures are investigated by many 
researchers. Typically, the measurements were carried out inside SEM or TEM to facilitate 
alignment through direct visualization. For FE characterization, one end of the NW can be 
attached to the tip of a metal wire by using electron beam-induced-deposition (EBID) of 
amorphous carbon [224]. In another approach, direct growth on sharp metal wires to create 
protruding NWs was also used for single NW FE characterization [225-226]. Individual NWs 
of W5O14 [224], ZnO [225-226] and In doped ZnO [227] are found to exhibit efficient field 
emitting properties. 
 
1. 4 Scope and Objective of the Present Work 
 
 A survey on the reported research papers showed that only limited transitions metal 
oxides nanostructures have been studied in detail (exemplified by the case of ZnO 
nanostructures).  This is partly due to the ‘easy formation’ of single crystal quality 
nanostructures of those metal oxides. Many other transition metal oxides, with unique 
properties and potential applications have not been investigated extensively at the nanometric 
regime. In this work, synthesis, characterizations and physical properties of Nb, Co and Ni- 
oxides nanostructures are presented. Effort has been devoted to obtain the correlation between 
the structure and physical properties of individual nanostructures. The main objectives of this 
thesis are as follows, 
 
 Develop synthesis approaches for the controlled growth of Nb-, Co- and Ni- oxide 
nanostructures with different morphologies. 
 Investigation on the mechanism of direct growth of oxide nanostructures on the 
respective metal foils. 
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 To study the electron field emission properties of the as-synthesized oxide 
nanostructures. 
 To develop experimental strategies to obtain ‘size-structure-property’ correlation of 
1D nanostructures to enable predictable performance in device applications. 
 To study the effect of size, microstructure, and chemical composition on the 
mechanical properties of individual metal oxide NWs. 
 
1. 5 Organization of the Thesis 
 
The rest of this thesis is organized as follows. In Chapter 2 the synthesis approaches 
and various characterization techniques are detailed. Chapter 3 describes the growth, 
characterization and field emission properties of Nb-oxide nanostructures. Chapter 4 
discusses the synthesis and characterizations of vertically aligned Co3O4 nanostructures on the 
surface of cobalt foils. The growth mechanism governing the formation of such 
nanostructures is discussed. The field emission properties of the as-synthesized nanostructures 
are also detailed. In Chapter 5, the synthesis, characterization and field emission properties of 
NiO nanostructures are described. The electrochemical performance of the NiO nanowall 
structures is also briefly discussed. Chapter 6 describes a combinatory approach to probe size-
structure-property correlations of individual Nb2O5 NWs. The electrical and mechanical 
properties of individual Nb2O5 NWs are discussed in detail. Chapter 7 describes a 
comprehensive approach to address the correlation between mechanical properties of NWs 
with their characteristic size, microstructure and chemical composition. Using this technique, 
the Young’s modulus of Co3O4 NWs with different sizes was evaluated. Thermal annealing of 
Co3O4 NWs in inert atmosphere and the subsequent structural and mechanical properties are 
described. Chapter 8 provides the summary of main results described in this thesis and 
pointed some future directions.  
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Chapter 2   
    Nanofabrication and Characterization Techniques 
 
 In this chapter, approaches adopted for the controlled synthesis of metal oxide 
nanostructures and various characterization techniques are detailed. Synthesis of 
nanostructures with various chemical compositional and/or morphological manifestations of 
Nb, Co and Ni oxides were investigated. After which different characterization techniques 
were employed for the identification of structure, chemical composition and morphology of 
the as-synthesized products. The techniques utilized for the characterization of mechanical 
properties and electrical transport properties of individual NWs are discussed. A description 
on the experimental setup used for the field emission measurements is provided.  
   
2. 1 Fabrication of Nb, Co and Ni oxide nanostructures  
 
2. 1. 1 Thermal Oxidation Technique 
 
A horizontal tube furnace (Carbolite) was used for the controlled growth of Nb oxides 
by thermal oxidation technique. The tube furnace contains a ceramic tube of diameter ~10 cm 
with both ends vacuum sealed using O-rings. One end of the ceramic tube was connected to a 
rotary pump and the lowest achievable pressure of this set-up is ~8×10-3 Torr. Different gases 
can be introduced through the other end of the ceramic tube controllably by mass flow 
controllers. Polished Nb foils (purchased from Sigma Aldrich, 99.8%) of thickness 0.25mm 
and a typical size of 0.5×0.5 cm were placed at the centre of a small quartz tube of diameter 
~2.5 cm. This small tube carefully positioned inside the big ceramic tube so that the location 
of the Nb foils is exactly at the hottest region of the tube furnace. The system was then 
evacuated to a base pressure of ~8×10-3 Torr. This was followed by leaking Ar gas at a rate of 
25 standard cubic centimeters per minute (sccm) and the pressure maintained at 1Torr. The 
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temperature of the furnace was then raised at a rate of 20 ºC/minute. After reaching a required 
temperature, the nanostructure growth was initiated by flowing oxygen gas. After growth, the 
oxygen flow was terminated and the system was cooled down to room temperature while Ar 
gas was kept flowing. A temperature range of 700-1000 ºC was employed to investigate the 
morphological and structural evolution of Nb oxide nanostructures. 
 
Figure 2.1 Schematic of the thermal oxidation setup to synthesize metal oxide nanostructure. 
 
2. 1. 2 Plasma Assisted Thermal oxidation Technique 
 
A conventional Plasma assisted Chemical Vapor (PECVD, spectra Physics) system 
has been used for the morphology controlled growth of Co and Ni oxide nanostructures.  A 
Schematic of the plasma assisted thermal oxidation setup used for the controlled growth of 
metal oxide nanostructures is displayed in Figure 2.2. The system typically included a 
vacuum chamber with heating stage inside. A radio frequency (RF) plasma generator (13.6 
MHz) was coupled by way of parallel plate electrode to the chamber to create plasma 
environment. The plasma power could be varied and the maximum power is 550 W. The 
vacuum system, comprising a rotary and a turbo molecular pump, was evacuated the chamber 
to a base pressure of ~1×10-6 Torr. Different gas cylinders were connected to this chamber 
through mass flow controllers.  
For the growth of Cobalt oxide nanostructures, Co foils (99.95 %) with 0.1 mm 
thickness (purchased from Alfa Aesar, Inc) were used both as Co precursor as well as the 
substrate to support the nanostructures. Typically, Co foils of size 5×5 mm were used for 
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growing cobalt oxide nanostructures. The native oxide layer on the surface of the foil was 
removed by polishing with sand paper followed by cleaning in ethanol. These samples were 
dried in air and placed on the heating stage inside the vacuum chamber. The sample 
temperature can be increased up to a maximum of 600 ºC, and was measured with a 
thermocouple, which was kept in contact with the heating stage. Oxygen gas was introduced 
into the chamber at a controlled flow rate. The pressure inside the chamber can be adjusted in 
the range 0.5-2 Torr. The growth of cobalt oxide nanostructures was investigated by varying 
temperature and plasma power. Co3O4 NWs, nanowalls and a mixture of these two could be 
synthesized using this technique. 
 
Figure 2.2 Schematic of the plasma assisted thermal oxidation setup used for the controlled 
growth of metal oxide nanostructures. 
 
Instead of using metal foils, foreign substrates with Co thin film could also be used to 
grow cobalt oxide nanostructures. Here, substrates such as silicon, stainless steel etc., were 
coated with cobalt (~ 300 nm thick) using a RF magnetron sputtering system (Denton vacuum 
Discovery18 system). These substrates were then heated in the respective conditions for the 
growth of cobalt oxide NWs or nanowalls. 
 Nickel nanostructures assembled on Ni foils (Alfa Aesar Inc.) were also synthesized 
by the plasma assisted oxidation method. Ni foils with thickness of 0.1 mm were used both as 
supporting substrate as well as source of metal precursor for the growth of NiO 
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nanostructures. The native oxide layer on the surface of the foils was removed by polishing 
with sand paper. These foils were placed on the heating stage in the plasma assisted thermal 
oxidation chamber. After reaching the ultimate vacuum, oxygen gas was leaked into the 
chamber. Pressure in the chamber kept fixed using throttling valve while the oxygen gas 
continued to flow. The growth of NiO nanostructures was initiated by turning on the plasma. 
The temperature and plasma power can be varied. The temperature and plasma power found 
to have great effect on the morphology of the as-synthesized NiO nanostructures. NiO thin 
film, NWs and nanowalls were synthesized by this plasma assisted method.  
 
2. 2 Characterization Methods and Techniques 
 
As-synthesized products were characterized using various state-of-the-art surface 
analyzing tools. In the following section, various techniques utilized for the characterization 
of crystal structure, morphology, and microstructure of the nanostructures are briefly outlined. 
The relative merits and demerits of each technique on the nanomaterial characterization are 
highlighted. 
 
2. 2. 1 X-ray diffraction (XRD) 
 
XRD is a well-known tool to identify crystal structure, grain size and internal strains of 
crystalline materials. The crystal structure of the as-synthesized nanostructures was identified 
from the XRD spectrum. The metal foil with nanostructures on the surface was used for 
recording the XRD spectrum using Philips X’PERT MPD (Cu-K (1.542 Å) radiation) 
machine. One of the drawbacks of using XRD to characterize the as-obtained samples is the 
signal from the underlying metal substrate. Due to the large penetration length of the X-ray, 
the XRD spectrum comprises peaks that correspond to the supporting metal foil in addition to 
the peaks that originate from the oxide nanostructures.  
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2. 2. 2 Raman Spectroscopy 
 
Raman spectroscopy is a non-destructive technique for the characterization of structure 
and electronic properties of materials. Raman spectroscopy is based on the inelastic scattering 
of electromagnetic waves due to the photon-phonon interaction within a material. In a typical 
setup a laser beam was incident on the sample material and the scattered light was collected to 
measure the wavelength shift due to the inelastic light scattering. In particular, Raman 
spectroscopy is a powerful tool for the characterization of oxide nanostructures. Using the 
micro-Raman spectroscopy technique, sample size can be reduced to a level of single 
NWs/nanotube. The nanostructure supported metal foils as such used for recording Raman 
spectrum using a Renishaw system2000 micro-Raman machine.  
 
2. 2. 3 Scanning Electron Microscopy (SEM) 
 
Nanometer sized surface features can be imaged using SEM. A finely focused electron 
beam scans on the samples and secondary electrons emitted from the sample were used for 
imaging. The morphological characterization of the nanostructures was carried out using field 
emission scanning electron microscopy (FESEM, JEOL JSM-6700F). A spatial resolution of 
~10 nm can be achieved using FESEM. The typical acceleration voltage for electron used for 
the imaging was in the range of 2-10 KV and the emission current was 5-20 µA.  
 
2. 2. 4 Transmission Electron Microscopy (TEM) 
 
 Since the properties of nanostructures highly dependent on their size, microstructure, 
and defect structures, characterization of the individual nanostructure is essential. TEM 
microscopy is a feasible technique with the advantage of large magnification range. Using 
TEM microscopy, either a low magnification image of the nanostructures or a lattice resolved 
Chapter 2                                           Nanofabrication and Characterization Techniques 
 46
high resolution (HR) image can be captured. The low resolution TEM image provides 
informations regarding the size, shape and morphology of the nanostructures. In conjunction 
with the selected area electron diffraction (SAED) technique, the HRTEM image provides 
information regarding the preferential growth direction, crystalline quality, details of the 
defect structures etc.   
The TEM inspection of the above synthesized nanostructures was carried out using 
JEOL, JEM-2010F microscope with 200 kV electron beam. For TEM analysis a suspension 
was first prepared by sonicating metal foil with nanostructures in ethanol (99.9%). 
Subsequently this suspension was used for dip-coating in order to transfer some of these 
nanostructures onto commercially available copper TEM grids with holey carbon film (Agar 
Scientifics, model: S147-4). These grids were dried in air and then used for the TEM studies. 
 
2. 2. 5 X-ray photoelectron Spectroscopy (XPS) 
 
XPS spectroscopy is a high precision surface analyzing tool. In XPS, the binding 
energy of the core level electrons is estimated by measuring the kinetic energy of electrons 
emitted by the absorption of x-ray photons. Since the core level electrons are more atomic 
like, XPS spectroscopy is useful for elemental identification. Moreover, the XPS spectrum is 
sensitive to the chemical environment of an atom in a material. This enables the identification 
of valance state of a particular element using XPS technique. Since transition metals have the 
capability to form stable compounds with different valence states the identification of the 
exact chemical composition is important. Being a surface analyzing tool the XPS technique is 
particularly useful for the chemical composition analysis of the as-synthesized transition 
metal oxides. The XPS spectrum was recorded under UHV condition using ESCA MK ΙΙ; Mg 
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2. 2. 6 Ultraviolet photoelectron Spectroscopy (UPS) 
 
 The UPS spectroscopy use ultraviolet radiation to generate photo-electrons from the 
valence band of the material sample. Analysis on the kinetic energy and angular distribution 
of the emitted photo-electron provides information regarding the electronic band structure, 
density of states, work function etc. of the material samples. The work function of the 
nanostructures may different from the bulk form. In this study UPS technique was employed 
for the determination of work function of Co3O4 and NiO nanostructures. The UPS 
measurement was performed using 59.9 eV photons (Surface, Nanostructure and Interface 
Science (SINS) beamline at Singapore Synchrotron Light Source (SSLS)) with a sample bias 
of -5 eV.  
 
2. 3 Mechanical Characterization of Individual Nanowires 
 
In this section the method employed for the mechanical characterization of individual 
Nb2O5 and Co3O4 NWs is detailed. For future applications, a fundamental understanding on 
the mechanical properties of NWs is essential. However, the mechanical characterization of 
individual NWs is challenging due to their small size. The small size of the NWs poses severe 
difficulties in their manipulation, application of force and measurement of deflection. 
Moreover, the mechanical properties of nanostructures are sensitively dependent on the size, 
microstructure and surface details. These challenges motivates a need for comprehensive 
approach that directly correlates size-microstructure-mechanical properties of the individual 
NWs.  
 Figure 2.3 shows a schematic illustration of the general procedure adopted in this 
work to obtain size-structure-mechanical property relationship of NWs. First, a suspended 
NW configuration across holes on a SiN TEM grid was created. Both ends of such ‘NW 
bridges’ was secured by metal (Pt) deposition to prevent the NWs from slipping during 
bending test. This was followed by nanoscale three-point bend test using atomic force 
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microscopy (AFM) to estimate the elastic modulus of the NW. Finally, the microstructure of 
the same NW was investigated using TEM to obtain structure-mechanical property 





NWs dispersed on TEM 





Figure 2.3 Schematic representation of the methodology adopted for the characterization of 
mechanical properties of individual NWs. 
 
2. 3. 1 Single Nanowire Manipulation 
 
Both Nb2O5 and Co3O4 NWs can be detached from the respective supporting metal 
foils and suspended in distilled water by simple ultrasonic agitation. Several drops of the as-
prepared NW suspension were dried on a commercially available silicon nitride TEM grid 
(DuraSiNTM Meshes) with circular holes of size ~4 µm (or 2µm). After drying many of the 
NWs were found to bridge across the hole. The adhesion of NWs with the SiN film was found 
to be quite weak. This enables us to maneuver the NWs using a micro-probe system 
(CascadeTM Microtech) equipped with an optical microscope aiding direct visualization. A 
tungsten nano probe with a tip size of ~70 nm was used to position NWs across the holes. 
Sufficient number of ‘NW bridges’ were thus created. The location of each hole with ‘NW 
bridge’ across was noted. Hence, despite multiple processing steps, the same NW can be re-
visited for consecutive experiments. 
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2. 3. 2 End Clamping 
 
During three-point bend test, there is a possibility that the NWs slip from supported 
ends. This may lead to the danger of underestimating the deflection on the NW for a given 
applied force. In this case the error in the calculated elastic modulus will be large. To avoid 
such situation the ends of each NW bridge was secured by depositing Pt using a FEI dual 
beam high resolution focused ion beam (FIB, Quanta 200-3D FIB-SEM, FEI) system. The 
‘NW bridges’ was first imaged and located using electron beam. Each hole with bridging NW 
was noted. After suitable NW was identified, Pt was deposited on both ends of the suspended 
NW using ion beam. This provided required mechanical rigidity at the end points of ‘NW 
bridges’.  
 
2. 3. 3. Force and Deflection Measurements 
 
With the NWs secured, three-point bending test was carried out to measure the elastic 
properties of these NWs. The three-point-bend test on the end-clamped NW was performed 
by using an AFM (Dimension 3100, Nanoscope Digital Instruments). The area with bridging 
NW was imaged using the force-volume (F-V) mode. In F-V mode, the AFM cantilever will 
first approach the sample (loading) until a preset cantilever deflection was achieved. The 
cantilever was then retracted (unloading) to its original position and a corresponding force 
curve (cantilever deflection versus vertical (Z) piezo position) was recorded. Such force 
curves are recorded in the entire selected area to form the F-V image. In another words, in the 
F-V image each pixel corresponds to one force curve. In addition, the information obtained 
from such force curves was utilized to form a topographic image of the scanned area. From 
the as-obtained F-V image (or from the topographic image) one can select force curve from 
any point of the image. Typically, for deflection measurements force curve exactly at the mid-
point of the suspended NW was selected. This will largely reduce the ambiguity in 
positioning the AFM tip right at the mid-point of the suspended NW in three-point bend tests. 
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The applied force on the NW can be directly obtained by multiplying the cantilever deflection 









Figure 2.4 Schematic representation of the method used for the measurement of deflection on 
a suspended NW due to the application of force using a calibrated AFM cantilever. 
  
The deflection (δ) at the midpoint of the suspended nanorod can be estimated by comparing 
the vertical piezo positions on a hard surface (in our experiments we have used SiN substrate) 
and on the suspended NW for the same applied force. Figure 2.4 shows a sketch describing 
the approach utilized to measure the deflection of a suspended NW by the application of a 
known force. The vertical piezo position during the application of a force corresponds to the 
cantilever deflection of ΔZc on a hard surface is given by (referring Figure 2.4a),  
Zr = Z0+ ΔZc                                (2.1) 
where Z0 is the vertical piezo position at which the tip just make contact with the substrate. If 
the same force is applied to a suspended NW, the piezo scanner will advance further because 
of the NW deflection and the corresponding vertical position can be expressed as,  
Zp = Z0+ ΔZc+ δ                           (2.2) 
Hence, δ = Zp-Zr                          (2.3) 
The force, F readily calculated from the cantilever deflection and is given by k×ΔZc. 
Maximum force in the range of 10-30 nN was applied on the NW and all the measurements 
were carried out in ambient conditions with relative humidity of 50-60%. To reduce possible 
error due to tip-NW interactions, elastic modulus was calculated using force and deflection 
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near the maximum applied force (where the capillary force and other tip-sample interactions 
are negligible). Moreover, we obtained identical force curves at the mid-point of the NWs 
from repeated F-V imaging. By using the simple beam theory for a both end fixed cantilever 






FLE                           (2.4) 
where E is Young’s modulus; L is the suspended length; D is the diameter of the NW and  is 
the vertical deflection at mid-span of the NW. Since the ends of the NW are secured using Pt, 
the diameter obtained from the AFM image may not be accurate. To minimize error, the 
length and diameter of the NW was estimated from the SEM or TEM images. The relative 
error due to the small non-uniformity in diameter of the suspended portion of the NW was 
estimated. 
 
2. 3. 4 Microstructural analysis 
 
 Being constructed on a SiN TEM grid, the microstructures of the same NW can be 
investigated using TEM. Accordingly, the surface and internal microstructures of NWs 
analyzed using HRTEM and electron diffraction (ED) techniques. This allowed us with a 
powerful method to draw direct relationship between the physical properties of NWs with its 
microstructures.  
 
2. 4 Electrical Characterization of Single Nanowires 
 
The sample preparation for the investigation of the electron transport properties of the 
NW is exactly same as that employed for the mechanical testing. Since SiN is an insulating 
material the electrical measurements can be directly carried out. The Pt deposit at the ends of 
the NW bridge functions as contact pads for electrical measurements. For electrical 
characterization a field emission scanning electron microscope (FESEM, JEOL 2300F) 
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chamber equipped with Zyvex nano-manipulator system was used (Figure 2.5a). All the 
transport measurements were carried out at room temperature at a base pressure of ~10-4 Torr. 
Two point electrical measurements were carried out using tungsten probes of tip size ~50 nm 
(Figure 2.5b). A Keithley source measure unit (model: 4200SCS) connected to the tungsten 
probes was used for I-V measurements.  
       
Figure 2.5 (a) Photograph of the zyvex nano-manipulator system inside SEM. (b) a low 
magnification SEM image of the nano-probes. The octagonal shaped SiN TEM grid with 
NWs to be tested can be seen.  
 
2.5 Raman Scattering Experiments from Individual Nanowires 
 
Room temperature Raman spectra of individual NWs were recorded using a Renishaw 
micro-Raman spectrometer in backscattering geometry. Polarized laser light from a diode 
laser (532 nm in wavelength) was focused onto the suspended part of the NWs using a 100× 
objective lens (NA: 0.9) of the optical microscope equipped with the Raman system. The laser 
spot size on the NW was <1µm and was well below the hole size of the TEM grid. A laser 
power of 0.5 mW was used for the Raman scattering experiments. The sample was mounted 
on a specially designed sample holder with a small hole at the centre with a freedom for 
rotation. With our experimental design we were able to exclusively circumvent any 
contribution from the background substrate. Moreover, one could achieve the highest 
dielectric contrast in the radial direction of the NW. At the beginning of each scattering 
experiment the polarization direction of the laser beam was made parallel to the NW long axis 
by rotating the sample holder. The size and microstructure of each NWs are obtained by using 
TEM analysis. 
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2. 6 Field Emission (FE) Measurements 
 
Vacuum FE performance of the as-synthesized nanomaterials was evaluated using 
parallel plate geometry. All the FE measurements were carried out at room temperature. The 
experiments were carried out in a vacuum chamber at a base pressure of ~10-6 Torr. Figure 
2.6 shows a schematic of the experimental setup used for the FE measurements. The direct 
growth of vertically oriented nanostructures on metal foils eliminates further manipulation or 
assembly for the FE measurements. The metal foil grown with nanostructures was used 
directly as the cathode and an indium tin oxide (ITO) glass coated with a thin layer of 
phosphor material (ZnO:Zn) was employed as the anode. The emitter and anode was 
maintained at a known distance using an insulating polymer film spacer. A circular hole with 
a known area fashioned on the polymer spacer defined the total emission area. 
 













Figure 2.6 Schematic of the Field emission measurement setup 
The FE current-voltage (I-V) relationship was obtained by applying a d.c. field between 
the sample and anode and measuring the emission current using a Keithley 237 source- 
measure unit. Pre-testing treatment on the emitters was performed by continuous voltage 
sweeps until an exactly superimposed I-V curves were obtained from subsequent sweeps. 
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Chapter 3 





Niobium (Nb) has the ability to form bond with oxygen in multiple valance states. As 
such different stoichiometric Nb-oxides including NbO, NbO2 and Nb2O5 can be formed. 
Among them, niobium pentoxide (Nb2O5) is the thermodynamically most stable phase. Its 
structural diversity has attracted the interest of scientific community several decades ago [1]. 
Among the different polymorphs, H-Nb2O5 (crystallized at > 1000 ºC) with monoclinic 
structure is the thermodynamically most stable form [1,2]. Nb2O5 formed at relatively low 
temperature range (800-1000 ºC) is normally labeled as M-Nb2O5 with tetragonal or 
monoclinic structure. Nb2O5 formed at a temperature of 700-800 ºC crystallizes in 
orthorhombic structure and known as T-Nb2O5. TT-Nb2O5 is the least stable polymorph of 
Nb2O5 which crystallizes at a temperature < 700 ºC with pseudo-hexagonal structure. Most of 
these phases are meta-stable and can be easily converted to the most stable H-Nb2O5 structure 
by heating to high temperatures. Nb2O5 found applications in diverse fields including gas 
sensing [3] catalysis [4] and as electrochromic material [5]. Nb2O5 is an intrinsically n-type 
semiconductor with a wide band gap of ~3.4 eV [5]. Its metal excess nonstoichiometric phase 
is known for strange magnetic and electrical properties at a reasonably high temperature [6].  
Due to the intrinsic semiconducting nature of Nb2O5, its nanostructures could have 
potential applications in nano-electronics or nano-electro-mechanical systems. However, so 
far only a few studies on the nanostructures of Nb2O5 were reported [7, 8, 9]. Kobayashi et al. 
reported the formation of Nb2O5 nanotubes by exfoliating K4Nb6O17 to H4Nb6O17.4.4.H2O 
scrolls and subsequent thermal dehydration [7]. More recently, Yan et al. reported the 
synthesis of H-Nb2O5 nanorods by treating Nb foils in a mixture of NaOH and HF solution at 
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a temperature of ~165 ºC [8]. They demonstrated that the as-obtained hexagonal Nb2O5 
nanorods can be converted to monoclinic Nb2O5 nanotubes by phase transformation.  
In this chapter a catalyst free method to synthesize single crystal quality Nb2O5 
nanostructures is described. Vertically oriented Nb2O5 nanostructures directly on Nb foils 
were synthesized by thermal oxidation method. The electron field emission (FE) properties of 
the as-synthesized Nb2O5 nanostructures were investigated in detail. Our results showed that 
the Nb2O5 nanowires are excellent FE emitters with fairly low turn on and threshold field. A 
remarkably high current density of ~4 mA/cm2 was achieved at an applied field of 11 V/µm. 
At moderate applied fields, a continuous and uniform electron emission can be acquired from 
the Nb2O5 nanowire emitters for a total testing time of 10 hrs without any noticeable 
diminution. 
   
3. 2 Experimental Section 
 
Vertically aligned Nb-oxide nanostructures were synthesized by thermally oxidizing 
Nb foils in a horizontal tube furnace as described in Chapter 2. The effect of temperature on 
the structure and morphology of the nanostructures was investigated in the range of 800-1000 
ºC. After reaching the pre-set maximum temperature, the nanostructure growth was initiated 
by flowing oxygen gas at a rate of 25 sccm, in addition to the Ar gas flow at 25 sccm. The 
system was maintained at this condition for 2 hour. After growth, the oxygen flow was 
terminated and the system was cooled down to room temperature while Ar gas was kept 
flowing. The morphology and structure of the as-synthesized nanostructures were 
characterized using field emission scanning electron microscopy (FESEM, JEOL JSM-
6700F), X-ray diffraction (XRD, X’PERT MPD, Cu-K (1.542 Å) radiation), micro-Raman 
spectroscopy (Renishaw system2000, excitation 532 nm) and transmission electron 
microscopy (TEM, JEOL, JEM-2010F, 200 kV).  
Vacuum FE performance of the Nb2O5 nanowire emitters were evaluated using 
parallel plate geometry at room temperature. The experiments were carried out in a vacuum 
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chamber at a base pressure of ~10-6 Torr. Details of the experimental set-up used for the FE 
measurements were described in Chapter 2. 
 
3. 3 Effect of Temperature on the Morphology of Nanostructures 
 
The growth temperature was found to have significant effect on the morphology of 
the nanostructures self-assembled directly on the metal foil. We have investigated the effect 
of temperature on the morphology of the nanostructure in the range of 800 ºC to 900 ºC while 
keeping all other growth parameters the same. Notably, the Nb foil substrates retained its 
mechanical rigidity even after the high temperature growth. Figure 3.1 shows the SEM 
images of the surface of the Nb foils after heated at different temperatures in the presence of 
oxygen gas. The surface of the Nb foil heated at 800 ºC was found to be uniformly covered 
with nanoplate like nanostructures (Figure3.1a). The nanoplates were more or less vertically 
aligned to the substrate. The lengths of the nanoplates were up to 500 nm and thickness was a 
few tens of nanometer. The foils heated at 850 ºC were found to be covered with a mixture of 
NWs and nanoplates as shown in Figure 3.1b. The areal density of the NW in this case was 
low. Those heated at 900 ºC, the surface was found to be uniformly covered with nanowires 
(Figure 3.1c). The as-synthesized nanowires were 5 to 20 µm in length. Many of the 
nanowires were tapered and ended up with a sharp tip of size typically in the range of 10-50 
nm. Further increase in growth temperature (upto 1000 ºC) also yielded NWs and no 
significant effect on the morphology was observed.  
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Figure 3.1 Effect of growth temperature on the morphology of Nb-oxides nanostructures 
formed on the Nb foils. SEM image of the Nb foil surface heated at (a) 800 ºC, (b) 850 ºC and 
(c) 900 ºC. The growth duration was 2 hrs for all the three cases.  
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3. 4 Characterizations 
 
a) X-ray diffraction (XRD) 
 Figure 2 displays the XRD profiles of the nanostructures supported on Nb foil. XRD 
pattern of the foil heated at 800 ºC consists of orthorhombic (JCPDS: 27-1003) and tetragonal 
Nb2O5 (JCPDS: 72-1484) phases (Figure 3.2a). The peak observed at 48.2º is from the Nb 
substrate. Foils heated at 850 and 900 ºC, all the peaks observed in the XRD pattern can be 
indexed with the tetragonal Nb2O5 phase (Figure 3.2b and 3.2c).  
 













































































































































































































































































































































































































































































































Figure 3.2 XRD pattern of the Nb foil after heat treated in the presence of oxygen at (a) 800 
ºC, (b) 850 ºC and (c) 900 ºC. 
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(b) micro-Raman Spectroscopy  
 
 The micro-Raman spectra of the heated Nb foils at various temperatures were 
recorded in back scattering configuration at room temperature. The laser light from a diode 
laser (wavelength 532 nm) focused onto a Nb foil that was densely covered with 
nanostructures using a 100x objective lens of the optical microscope attached to the Raman 
spectrometer. The scattered light was collected using the same objective lens. Figure 3.3c 
shows the micro-Raman spectra recorded from a Nb foil heated at 900 ºC. The A1g bands 
observed in the 700-1000 cm-1 region corresponded to the longitudinal optical (LO) modes of 
the Nb-O stretching (ν1) associated with NbO6 octahedra and NbO4 tetrahedra. The 
corresponding transverse optical (TO) modes, ν2 (Eg) were observed in the 600-700 cm-1 
region. The shoulder peak appeared in this region may be due to the overlap from the ν3 (T1u) 
bands. The weak bands observed in the 350-560 cm-1 were designated to be the ν5 (T2g) mode. 
The strong peaks observed in the range 200-300 cm-1 were assigned to the T2u modes. These 
results are consistent with previous studies on Nb2O5 single crystals and nanocrystalline 
powder [9,10]. 
 The Raman spectrum recorded from the Nb foils heated at 850 ºC (Figure 3.3b) 
shows significant difference from that of samples annealed at 900 ºC (Figure 3.3c ).  In 
addition to the most diagnostic A1g of stable Nb2O5 phase, other peaks correspond to the 
metastable Nb2O5 also appeared in the 850 ºC samples [10]. This is confirmed by the 
appearance of a strong peak at ~756 cm-1, which corresponds to the Nb-O stretching mode.  
In the Raman spectra of 800 ºC (Figure 3.3a) heated samples Nb-O stretching peak 
exclusively shifted to the lower wave number region (~756 cm-1). This observation can be 
explained on the basis of increase in Nb-O bond length in the metastable states compared to 
the more stable high temperature phase [2, 10]. Alternatively, the origin of the strong peak at 
~756 cm-1 could be the NbO4 tetrahedra of the low temperature phases of Nb2O5.  
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Figure 3.3 micro-Raman spectra of the heat treated Nb foils at (a) 800 ºC, (b) 850 ºC and (c) 
900 ºC.  
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(c) XPS spectroscopy 
 
 To further elucidate the structure of the as-obtained products, XPS spectra of O1s and 
Nb 3d core level were recorded. The XPS spectrum of O 1s and Nb 3d core levels of the Nb 
foil with Nb2O5 nanostructures is displayed in Figure 3.4 The estimated binding energy (BE) 
of the O 1s and Nb 3d levels are consistent with reported Nb2O5 phase.  
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Figure 3.4 XPS spectra of (a) O1s and (b) Nb 3d of the Nb foil heated at different 
temperature. 
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 The XPS data of heated Nb foils in the presence of oxygen at different temperature is 
summarized in Table 3.1.  The binding energy (BE) of both these levels are found to be 
increased with growth temperature of the nanostructures. This indicates that at high 
temperature more stable nanostructures are formed on the foil surface. This observation is 
consistent with the XRD and Raman studies.  
Growth 
temperature 
O 1s (eV) Nb 3d3/2 (eV) Nb 3d5/2 (eV) 
800 ºC 531.32  208.24  211.02  
850 ºC 531.37  208.27  211.05  
900 ºC 531.58  208.47  211.22 
 
Table 3.1 XPS data of heated Nb foils in the presence of oxygen at different temperatures. 
 
(d) TEM and EDS studies of Nb2O5 NWs 
 
For TEM inspection, the nanowires were detached from the substrate by sonication in 
ethanol and a drop of this nanowire suspension was dried on a copper TEM grid with 
amorphous carbon coating. Figure 3.5a shows a low magnification TEM image of the 
nanowires. The high resolution TEM image near the edge of the nanowire (Figure 3.5b) 
clearly reveals the lattice fringes perpendicular to the growth direction. The measured fringe 
width of 3.61Å was found to be close to the (440) plane separation of the tetragonal Nb2O5 
phase. Large density of stacking faults parallel to the long axis of nanowires was observed in 
the HRTEM image. The existence of planar defects in niobium oxides have been studied 
extensively in the past [11]. Cations interstitial half planes or row of missing oxygen atoms 
are believed to be the cause of such planar defects [11]. Inset of Figure 3.5b shows the 
electron diffraction (ED) pattern of the nanowire. In addition to the Bragg’s spot the ED 
pattern contain secondary spots due to the presence of the stacking faults. The energy 
dispersive spectroscopy (EDS) spectrum recorded on the nanowire is displayed in Figure 3.5c. 
The EDS spectrum consists of signals of niobium and oxygen elements. The other observed 
peaks correspond to the Cu and C elements from the TEM grid. From the EDS spectrum the 
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atomic weight percentage of oxygen and niobium were obtained to be ~70 and 30% 
respectively and concurs well to the Nb2O5 formula unit.  
 
Figure 3.5 (a) TEM image of the Nb2O5 nanowires. (b) HRTEM image captured near to the 
edge of a nanowire and its ED pattern is shown in the inset. (c) EDS spectrum of the 
nanowire.  
 
 It is probable that the growth of Nb2O5 NWs follow a diffusion controlled tip growth 
mechanism. Surface atoms of the heated foil react with gaseous oxygen molecules leading to 
the formation of various sub-oxides of niobium (NbOx). Eventually, further oxidation occurs 
to form the most stable Nb2O5 phase. This is followed by nucleation and anisotropic growth 
of Nb2O5 seed crystals with preferential direction along [440]. Further nanowire growth is 
controlled by the diffusion of constituent atoms or sub-oxides towards the growth front of the 
seed crystals. The tapered geometry of the Nb2O5 nanowires with large diameter at the base 
supports the diffusion controlled tip growth mechanism. 
 
3. 5 Field Emission Properties of Nb Oxides Nanostructures 
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The direct growth of vertically oriented nanostructures on Nb foils eliminates further 
manipulation or assembly for the FE measurements. The Nb foil grown with NWs was used 
directly as the cathode and an indium tin oxide (ITO) glass coated with a thin layer of 
phosphor material (ZnO:Zn) employed as the anode. It is noteworthy that the Nb-Nb2O5 
interface forms a low resistance contact [12]. For this reason Nb substrate could function as a 
perfect back contact electrode for the nanostructured Nb2O5 emitters. The emitter-to-anode 
distance was maintained at 100 µm using a polymer film spacer. A circular hole with an area 
of ~0.23 cm2 fashioned on the polymer spacer defined the total emission area. The FE current-
voltage (I-V) relationship is obtained by applying a d.c. field between the sample and anode 
and measuring the emission current using a Keithley 237 source- measurement unit as 
detailed in Chapter 2. Pre-testing treatment on the emitters was performed by continuous 
voltage sweeps until exactly superimposed I-V curve was obtained from subsequent sweeps.  
 
(a) FE properties of Nb2O5 Nanoplates 
 
Figure 3.6 exemplifies a typical FE current density (J) versus applied field (E) plot of 
Nb2O5 nanoplates. The turn on field, defined as the field required to acquire an emission 
current density of 10 µA/cm2 is ~ 10.7 V/µm. Maximum current density achievable from the 
nanoplate emitters is ~ 16 µA/cm2. The quantitative description of field emitters is usually 
evaluated using the framework of the Fowler-Nordheim (F-N) theory (see Chapter 1). 
According to the F-N theory, the FE current density can be expressed as, 
 
 
where, ф is the work function of the emitters (eV), α is the effective emission area and β is the 
field enhancement factor caused by local geometry of the emitters. The universal constants A 
= 1.54×10-6 A eV V-2 and B = 6.83×103 eV-3/2 V µm-1. The plot of ln(J/E2)  versus 1/E (so 
called F-N  plot) is displayed in the inset of Figure 3.6 The F-N plot comprises a linear 
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linear region of the F-N plot is a function of both β and ф.  Using the reported work function 
value of 5.6 eV for Nb2O5 thin film,12 β is estimated to be ~682. 
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Figure 3.6 The field emission J-E characteristic of the Nb2O5 nanoplate film. Corresponding 
F-N plot is shown in the inset.  
 
(b) FE properties of Nb2O5 NWs 
 
Figure 3.7 represents a typical FE current density (J) versus applied field (E) of the 
Nb2O5 NW film emitter. The J-E characteristic of Nb2O5 nanowires is well defined and shows 
excellent stability over extended cycles of voltage sweeps. The turn on field is found to be 
~6.7 V/µm. The threshold field, namely the applied field corresponding to an emission 
current density of 1 mA/cm2 is ~9.2 V/µm. Moreover, a high current density of ~4 mA/cm2 is 
achieved at an applied field of ~11 V/µm (the maximum possible field with our set-up). The 
F-N plot of Nb2O5 NW emitters is displayed in the inset of Figure 3.7 The F-N plot comprises 
a linear region, emphasizing the quantum tunneling electron emission mechanism. From the 
slope of the FN plot enhancement factor, β is estimated to be ~600.  
Chapter 3                                         Synthesis and Properties of Niobium Oxide Nanostructures 
 66
                 




















Applied electric field, E (V/m)































                   
Figure 3.7 The field emission J-E characteristic of the Nb2O5 nanowire film. Corresponding 
F-N plot is shown in the inset.  
 
 Table 1 in Chapter 1 shows a brief summary of the survey on field emission 
performance of various metal oxide 1D nanostructures grown on flat substrates. The ZnO 
nanostructures, Mo-oxide nanowires, WO2.9 nanorods, W18O49 nanotips and nanowires 
exhibited excellent field emission properties with remarkably low turn-on and threshold field. 
It should be noted that, the turn-on field of Nb2O5 NW emitters are slightly higher than the 
aforementioned metal oxide emitters. However, the Nb2O5 NW emitters are superior to many 
other known metal oxide field emitters including MoO3 nanobelts, In2O3 NWs and Ru2O NWs 
etc. 
 For many applications of FE emitters a stable current output is always required. We 
have investigated the temporal emission stability of the Nb2O5 NW emitters.  During the 
stability test, a fixed field was applied between the sample and anode and the emission current 
recorded continuously. Figure 3.8a shows the measured emission current density as a function 
of time when the applied field was 7 V/µm. Evidently, no significant degradation in the 
emission current density from the initial value of ~0.05 mA/cm2, was observed during the 
total testing time of 10 hours. The observed current fluctuation was <10% and well below the 
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basic requirements of FE based devices. The electron emission stability at a relatively higher 
current density was also investigated in this study. At a field of 8.5 V/µm, an initial current 
density of ~0.5 mA/cm2 was recorded. The emission current density gradually dropped to 
~0.2 mA/cm2 during the first 2 hours of testing (Figure 3.8b). Thereafter the current density 
remains more or less stable over a total testing time of 10 hours. Similar degradation in the 
emission current was reported previously for CNT emitters at high current density [13]. The 
joule heating induced structural defects formation is likely be one of the major causes of the 
observed degradation in current density [13].    
Fluorescence field emission image of the Nb2O5 nanowire film emitters obtained from 
the phosphor coated anode at applied field of 8.5 V/µm is displayed in Figure 3.8c. Uniformly 
distributed emission spots were clearly observed in the entire emission area of ~23 mm2. At a 
slightly higher field of 9 V/µm more emission spots were visible in the field emission image 
as shown in Figure 3.8d. This is an indication of the availability of more emission sites at high 
fields. The uniform and stable electron emission from the Nb2O5 nanowire emitters may find 
potential applications in many areas including flat panel displays. 
 
Figure 3.8 (a) and (b) FE current density as a function of time at a constant applied field of 7 
and 8.5 V/µm, respectively. (c) and (d) Fluorescent field emission image of the Nb2O5 
nanowire film captured during an applied field of 8.5 and 9 V/µm, respectively. 
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The efficient FE characteristics of the Nb2O5 nanowires are likely to be attributed to 
their unique 1D geometry. Previous studies demonstrated that among different anisotropic 
structures, one with high aspect ratio and sharp tip exhibits superior FE performance [14,15]. 
The tapered morphology of the Nb2O5 nanowires apparently increases the field enhancement 
factor at the tip apex aiding efficient electron emission. It has been established that a low 
contact resistance between the substrate and emitter facilitate the electron emission process 
[16,17]. The Nb-Nb2O5 interface has been known to be a low resistance contact [11]. As a 
consequence, the Nb back electrode most likely functions as a good electron injector to the 
Nb2O5 nanowire emitters and facilitates the emission process. 
 
3. 6 Conclusions 
 
 We have synthesized vertically oriented, Nb oxide nanostructures directly on Nb foils 
using the thermal oxidation technique. Different morphological variations were achieved by 
varying the growth temperature. The as obtained nanostructures were characterized using 
SEM, XRD, micro-Raman, XPS and TEM techniques. Being a simple catalyst free method, 
the direct thermal oxidation technique can be extended to the large scale production Nb2O5 
nanostructures.  
 The FE characteristics of Nb2O5 NW film shows that they are competent FE emitters 
with a fairly low turn on field and high current density. The current emission from the Nb2O5 
nanowire emitters is relatively stable at moderate applied fields. However, at higher applied 
fields (>8 V/µm) the emission current dropped continuously for the first few hours and then 
became stable at a lower current density. Accordingly, the Nb2O5 nanowire emitters satisfy 
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Chapter 4 
Co3O4 Nanostructures with Different Morphologies 
 
4. 1 Introduction 
 
 Cobalt oxides have great technological importance as a colorant in glass industry and 
as catalyst in petroleum industry. Co3O4, Co2O3, and CoO are the three common cobalt oxides 
with different crystal structure and interesting physical properties. Among the various cobalt 
oxides, the most stable Co3O4 phase with normal spinel structure is an intrinsic p-type 
semiconductor (direct optical band gaps at 1.48 and 2.19 eV) [1]. Cobalt oxide nanoparticles 
have exhibited outstanding electro-chemical [2-3], magnetic [4-5], catalytic [6], and gas 
sensing [7-9] capability. In recent years, the synthesis and structural characterization of cobalt 
oxide nanostructures have been reported [10-16]. Recently, Nam et al. demonstrated the 
feasibility of employing viruses to synthesize and assemble cobalt oxide nanowires as 
electrode material (anode) for Lithium ion batteries [17]. In an earlier report our group 
demonstrated an approach to synthesize aligned cobalt oxide 2D nanostructures (nanowalls) 
by direct heating a cobalt foil using a hotplate in ambient and investigated their FE properties 
[18]. However, the hotplate technique is limited to the formation of simply 2D nanostructures. 
Rational synthetic approaches to form different nanostructures are highly desirable to fully 
exploit the potential offered by the reduced dimensionality. 
 In this chapter, a facile method to synthesize vertically aligned, single crystalline 1D 
(nanowires) or 2D (nanowalls) structures of Co3O4 on a metal foil is discussed. This method 
involves the reaction of gaseous oxygen with pre-annealed cobalt foils to form Co3O4 
nanostructures that naturally self-assembled on the cobalt foil.  The growth temperature is 
relatively low which is far below the evaporation temperature of cobalt. The morphology 
variations of the nanostructures were achieved by varying the reactivity and diffusivity of the 
oxygen via creating a plasma environment in the system. The direct growth of quasi-aligned 
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nanostructures on the cobalt foils makes the sample excellent test candidates for field 
emission performance. This approach eliminates further post-growth manipulation and 
assembly of the nanomaterials for FE characterization. The FE properties of the as-
synthesized Co3O4 nanostructures were studied in detail to explore the morphological effect 
on the emission characteristics. To illustrate the multi-functionality of the as-synthesized 
nanostructures, preliminary electrochemical studies on Co3O4 nanowalls were carried out by 
using cyclic voltammetry (CV). 
 
4. 2 Experimental Section 
  
The morphology controlled growth of Co3O4 nanostructures was carried out using a 
plasma assisted thermal oxidation method described in chapter 2. Co3O4 nanowires were 
synthesized by heating cobalt foils at 450 ºC followed by leaking oxygen into the chamber at 
a flow rate of 30sccm. During growth, the pressure inside the chamber was maintained at 1 
Torr and growth time was set for 3 hrs. For synthesizing Co3O4 nanowalls oxygen plasma was 
created in the chamber with a RF power of 200 W, all the other conditions being identical to 
the procedure employed for the nanowire growth. For the growth of Co3O4 nanostructures on 
foreign substrates, a thin film (~ 300 nm thickness) of cobalt is first deposited on the 
substrates using a RF magnetron sputtering unit (Denton vacuum Discovery18 system, 150 
W). These substrates are heated in the respective conditions for nanowire and nanowalls 
growth.  
The morphology and structure of the as-synthesized nanostructures were 
characterized using field emission scanning electron microscopy (FESEM, JEOL JSM-
6700F), high resolution transmission electron microscopy (HRTEM, JEOL, JEM-2010F, 200 
kV), X-ray diffraction (XRD, Philips X-ray diffractometer, X’PERT MPD, Cu-K (1.542 Å) 
radiation, unit cell parameters were determined by using TOPAS-R Software), Raman 
spectroscopy (Renishaw system2000, 532 nm excitation wavelength) and x-ray photoelectron 
spectroscopy [(XPS) ESCA MK ΙΙ; using Mg Kα source]. The field emission measurements 
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were carried out in another vacuum chamber with a base pressure of ~ 1×10-6 Torr. Detailed 
descriptions on the setup employed for the field emission measurement have been described 
in chapter 2.  
For cyclic voltammetry measurements, working electrode consists of Co3O4 
nanowalls on stainless steel substrate was used as current collector. The geometrical area of 
the electrode was 2.0 cm2. We note that no conducting carbon or binders were used for the 
fabrication of the above electrodes. Coin-type test cells (size 2016) were assembled using the 
electrode consisting of Co3O4 nanowalls, Li-metal foil (Kyokuto metal Co. Ltd., Japan) as the 
counter and reference electrode,  polypropylene (celgard) as the separator and 1M solution of 
LiPF6 in ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 V; Merck). The cells were 
fabricated in an argon-filled glove box (MBraun, Germany). The cyclic voltammetry was 
carried by using computer controlled Macpile II system (Biologic, France). 
 
4. 3 Growth and Characterizations of Co3O4 Nanostructures 
 
4. 3. 1 Morphology controlled growth of Co3O4 Nanostructures 
 
Two different procedures were adopted for the synthesis of cobalt oxide 
nanostructures. In the first case, cobalt foils were initially heated to 450 ºC on a heating coil 
in a vacuum chamber at a base pressure of ~1×10-6 Torr. Oxygen gas was introduced into the 
chamber at a flow rate of 30 sccm. During growth, pressure inside the chamber was 
maintained at 1 Torr and the growth time was set for 3 hr. The growth was terminated by 
stopping the oxygen leak into the system followed by pumping away the remaining oxygen 
from the chamber. The samples were then cooled down naturally to room temperature. In the 
second approach, a RF plasma of power 200 W was introduced to create an oxygen plasma in 
the chamber, all other conditions being identical to the first experiment. Figure 4.1a and 4.1b 
show SEM images of the cobalt foil heated in oxygen gas. The foils were observed to be 
uniformly covered with nanowires aligned perpendicularly to the substrate surface. The 
Chapter 4                                        Co3O4 Nanostructures with Different Morphologies 
 73
diameters of the as-grown nanowires were in the range of 10 to 50 nm and are 2-10 μm in 
length. Figure 4.1c and 4.1d show SEM images of the nanostructures formed on the cobalt 
foil heated in the presence of oxygen plasma. These 2D nanowall type structures are also 
vertically aligned with wall-thickness typically in the range of 20-40 nm. The vertical height 
of the nanowalls are in the range of 0.5-1.5 µm and the horizontal length can be up to 3 µm. 
Recently, we have reported similar morphologies for cobalt oxide formed by direct heating of 
cobalt foil in ambience using a hotplate [18]. With the new approach adopted in this work, we 
were able to controllably and exclusively synthesize Co3O4 nanowires and nanowalls. Also, 
the uniformity of the nanowalls has been improved significantly in this new method. In 
addition, the growth duration is extremely short in comparison to previous work. The number 
densities of nanowires and nanowalls were calculated to be 7×107/ cm2 and 4×108/ cm2, 
respectively from the SEM images.  
      
Figure 4.1 SEM images of vertically aligned cobalt oxide nanowires grown on cobalt foil, 
viewed at (a) 20º from the substrate normal and (b) 90º from the substrate normal. (c) and (d) 
SEM image of cobalt oxide nanowalls grown by oxygen plasma treatment on a cobalt foil, 
viewed at 20º from the substrate normal. 
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               We have further demonstrated that the Cobalt Oxide nanostructures can be 
synthesized directly on a wide variety of substrates. By using substrates with a thin film of 
cobalt it is possible to grow cobalt oxide nanostructures on various supporting platforms. To 
this end, substrates such as silicon, stainless steel etc., were coated with cobalt (~ 300 nm 
thick) using a RF magnetron sputtering system. These substrates were then heated in the 
respective conditions for the growth of cobalt oxide nanowires or nanowalls as described 
earlier. SEM imaging reveals that these substrates were covered with the expected 
nanostructures.  
 Systematic studies on the effect of plasma power on the resulting morphology of the 
Co3O4 nanostructures were carried out in this work. Similar approach employed for the 
growth of Co3O4 nanowalls was used to investigate the effect of plasma power on the 
resulting morphology. Series of SEM images in Figure 4.2 shows Co3O4 nanostructures 
grown on cobalt foil for three representative plasma powers. With plasma created by RF 
power of 50 W, a mixture of nanowire and nanowall was grown on the cobalt foil as in Figure 
4.2a. At a plasma power of 100 W, the number of nanowires was considerably reduced 
(Figure 4.2b). Further increase in RF power to 200 W completely suppressed the growth of 
nanowires and the foil was exclusively covered with nanowalls (Figure 4.2c). Thus by 
controlling the plasma power, our method provides the selective and controlled growth of 
nanowires, nanowalls or a mixture of these two morphologies. 




Figure 4.2 SEM images Co3O4 nanostructures grown on cobalt foil with plasma power of (a) 
50 W (b) 100 W and (c) 200 W. Scale bar is 1 μm. 
 
The effect of temperature on the growth of Co3O4 nanowires and nanowalls were 
investigated independently. Figure 4.3a-c shows the SEM images of the cobalt foil after 20 
minutes of nanowire growth at 300 ºC, 350 ºC and 450 ºC, respectively. Even at 300 ºC, 
ultrafine nanowires were found growing in the foil with a lower number density. As growth 
temperature increases to 350 ºC, the number of nanowires on the foil increased significantly.  
However, the alignment of nanowires grown at either of these temperatures is very poor. The 
number density as well as the alignment of nanowires considerably improved with a growth 
temperature of 450 ºC. Figure 4.3d-f shows SEM images of the nanowalls grown at 
temperatures 300 ºC, 350 ºC and 450 ºC, respectively. The plasma used for the growth of 
nanowalls was created by an RF power of 200 W and the growth duration was 20 minutes for 
all the three cases. Only a few nanowalls with relatively small size were observed on the foil 
employed for the growth at 300 ºC. Large density, vertically aligned nanowalls were found on 
cobalt foils used for the growth at temperatures of 350 ºC and 450 ºC.  





Figure 4.3 (a)-(c) SEM images of the cobalt foil with Co3O4 nanowires synthesized at 
temperatures 300 ºC, 350 ºC and 450 ºC, respectively. (d)-(f) SEM images of cobalt foil with 
Co3O4 nanowalls synthesized using 200 W RF plasma power, at temperatures 300 ºC, 350 ºC 
and 450 ºC, respectively. The growth duration was 20 minutes for all cases. 
 
 
4. 3. 2 Characterizations 
 
(a) X-ray Diffraction (XRD)  
 
The crystal structure of the as-synthesized cobalt oxide nanostructures was identified 
by X-ray diffraction (XRD). Figure 4.4 displays the XRD patterns of cobalt oxide 
nanostructures on cobalt foil (Figure 4.4a,b) and Si(100) substrate (Figure 4.4c,d). The peaks 
in the XRD patterns of the cobalt oxide nanostructures were indexed on the basis of spinel 
structure assuming the space group Fd3m (Co3O4: JCPDS; 76-1802), CoO: JCPDS; 78-0431 
and Co metal: JCPDS; 001-1152). The XRD pattern of nanowire and nanowalls on cobalt 
foils shows a Co3O4 phase in addition to CoO and Co phases (peaks due to substrate). For 
more clarity and also to avoid additional peaks from cobalt foil, the XRD patterns of the 
nanowires and nanowalls on Si(100) substrate (Figure 4.4c,d) is recorded. The XRD pattern 
shows a single phase with a lattice parameters, a = 8.071 Å and 8.073 Å for nanowire and 
nanowalls respectively (Figure 4.4c,d). Obtained lattice parameters are in good agreement 
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with reported value of Co3O4 powder (a = 8.072 Ǻ; JCPDS 76-1802). The XRD patterns of 
both nanowires and nanowalls on cobalt foil contain peaks indicating the presence of trace 
amount of CoO phase probably formed in the early stage of growth.  
 
Figure 4.4 (a) and (b) XRD patterns of the cobalt oxide nanowires and nanowalls on cobalt 
foil. (c) and (d) XRD patterns of nanowires and nanowalls on Si(100) substrate. Miller indices 
(hkl) are shown. 
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(b) micro-Raman Spectroscopy 
 
The micro-Raman spectra of the cobalt oxide nanostructures were recorded at room 
temperature using the Renishaw system2000. Cobalt oxide nanowire and nanowall samples 
show identical Raman lines as shown in Figure 4.5. The five prominent Raman peaks 
observed correspond to the A1g(693 cm-1), F2g(620 cm-1), F2g(523 cm-1), Eg(485 cm-1), F2g(194 
cm-1) modes of the crystalline Co3O4 phase and are in agreement with previous report [19]. 
 
                    Figure 4.5 Micro-Raman spectra of cobalt oxide nanowires and nanowalls. 
 
(c) XPS Spectroscopy 
 
 To further elucidate the chemical composition of the as-synthesized nanostructures, 
X-ray photoelectron spectroscopy (XPS) measurements were carried out. The cobalt foils 
with nanostructures were dried thoroughly at room temperature in a vacuum chamber (~10-6 
torr) to remove the adsorbed water molecules prior to the XPS measurement. Samples 
covered with the nanowires as well as the nanowalls show identical peaks within resolution 
limits of the instrument (Figure 4.6). The O1s XPS spectra peak with binding energy (BE) 
approximately 530 eV corresponds to oxygen species in the spinel cobalt oxide phase (Co3O4) 
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[20]. The peak observed close to 532 eV in the O1s spectra indicates the presence of -OH 
(hydroxyl) species adsorbed on the surface due to our ex-situ experimental conditions. The Co 
2p XPS spectra show two major peaks with BE at 795.6 and 780.2 eV corresponding to the 
Co 2p1/2 and Co 2p3/2 spin-orbit peaks respectively of the Co3O4 phase [21, 22]. The Co 2p1/2 - 
Co 2p3/2 energy separation is approximately 15.4 eV. Lack of prominent shake-up satellite 
peaks, in the Co 2p spectra further suggests the presence of mainly Co3O4 phase [23, 24]. 
Thus from the measurement of BE for O 1s and Co 2p core levels and spectral shape of the 
XPS spectra it is clear that the nanostructures formed are composed of Co3O4.  
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Figure 4.6 X-ray photoelectron spectra (XPS) for the O 1s and Co 2p core levels for 
nanowire (3a and 3b) and nanowall (3c and 3d). 
 
(d) Transmission electron microscopy (TEM) 
 
 Detailed investigations of the microstructures of the as-grown cobalt oxide 
nanostructures were performed using the transmission electron microscopy (TEM). The 
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nanostructure suspension was first prepared by sonicating heated metal foil in ethanol 
(99.9%). Subsequently this suspension was used for dip-coating in order to transfer some of 
these nanostructures onto commercially available carbon coated copper TEM grids. These 
grids were dried in air and then used for the TEM studies. Figure 4.7a shows a typical TEM 
image of the cobalt oxide nanowire (diameter ~30 nm) showing it is essentially straight and 
posseses a more or less uniform cross-section throughout the length. The fringes observed on 
this image most likely due to the bending occurred during the sample preparation. The high 
resolution TEM image (Figure 4.7b) reveals fringes perpendicular to the nanowire axis and 
clearly indicate its single crystalline nature. The measured lattice spacing is 2.83 Å 
corresponding to the interlayer spacing of the (220) planes of the Co3O4 (d = 2.86 Å).  Figure 
4.7c shows a TEM image of an isolated nanowall and Figure 4.7d shows its typical high 
resolution TEM image. The layered structures visible in the TEM image of the nanowalls are 
perhaps due to the fast growth in the different lattice directions. The measured lattice spacings 
of 2.42 Å and 2.32 Å are congruent to the (311) (d = 2.43 Å) and (222) (d = 2.34 Å) lattice 
spacing of Co3O4, respectively. Figure 4.7e shows the selected area electron diffraction 
(SAED) pattern of the nanowire with zone axis [001]. All the diffraction spots in the SAED 
pattern can be indexed with the spinel cubic Co3O4 phase. The SAED pattern (Figure 4.7f) of 
the nanowalls, however, is more complicated primarily because of its layered structure. 
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Figure 4.7 (a) Low resolution TEM image of Cobalt oxide nanowire. (b) a typical HRTEM 
image of the nanowire near the edge (arrow indicate the growth direction). (c) low 
magnification TEM image of the nano-wall and (d) a typical HRTEM image of the nano-wall 
showing different growth directions. (e) and (f) represent SAED images of the nanowire and 
nanowall respectively.  
 
4. 4 Studies on the Growth Mechanism of Co3O4 Nanostructures 
 
A close-up view of nanowires reveals the presence of faceted particle at its tip. This 
suggests that the growth could follow a self-catalytic growth mechanism; which is primarily 
developed in the context of 1D growth of materials with low melting point metal components 
[25, 26]. Presence of a particle with high metal content at the tip is often associated with the 
self-catalyst growth route [27]. However, the TEM and EDX (energy dispersive x-ray 
spectroscopy) inspections on the particle at the tip of the Co3O4 nanowires show no 
significant variations, either in chemical composition or in phase, compared to the main body 
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of the nanowire. The EDX examination at different regions along the length of the nanowires 
(including its tip) confirms that the constituents are only oxygen and cobalt devoid of other 
foreign elements (Figure 4.8). Moreover, the atomic weight percentage of oxygen and cobalt 
remains about the same at the tip as well as in the main body of the nanowire.  
 
 
                        
Figure 4.8 The EDX spectrum with atomic weight percentage from the four selected regions 




Figure 4.9a shows a close-up SEM image of the Co3O4 nanowires showing the 
faceted particle at its tip. Figure 4.9b shows the HRTEM image of the selected region (as 
indicated in the inset) at the tip of the nanowire. The measured lattice spacing 2.46 Å is in 
good agreement with the (311) inter-planar distance of the Co3O4 phase (d = 2.43 Å). It is 
worth mentioning that, in HRTEM inspection, no twin crystal formation or grain boundary at 
the neck region connecting the nanowire to its tip particle is observed.  
To unravel the growth mechanism of the Co3O4 nanostructures a series of consecutive 
short term growth of nanowires was carried out. Following the same growth conditions for the 
synthesis of nanowires, a cobalt foil was first heated for 5 minutes and cooled down as 
described before. The resulting nanostructures were inspected using SEM. After which, the 
same sample is heated again for another 5 minutes for subsequent growth of nanostructures. 
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Figure 4.9c shows SEM image of two short nanowires on the sample after the initial 5 
minutes of growth and Figure 4.9d shows SEM image of the same area of the sample after an 
additional 5 minutes of growth. Evidently, the second growth resulted in a new segment of 
nanowires that grew from the tip of the existing nanowires. Noticeably many of the nanowires 
on the sample exhibit such double segment morphology. This suggests two possibilities for 
the growth of nanowires. Firstly, the precursors needed for the nanowire growth migrate 
through the side walls of the nanowires to reach the growing front at the tip. In the second 
case, cobalt vaporizes and combines with the oxygen species to form cobalt oxide and follow 
a vapor-solid (V-S) route for the nanowire formation. A thin (<3 nm) amorphous layer 
covering the crystalline core of the nanowire as revealed by the TEM images favors the first 
possibility (see for e.g. Figure 4.9e). The amorphous coating was consistently observed in the 
HRTEM study of Co3O4 NWs. Bigger NWs are found to be covered with relatively thick 
amorphous coating. For example a NW of ~100 nm in diameter, the amorphous coating was 
~10 nm thick and is unlikely from the carbon contamination during TEM imaging. In 
addition, taking into account of the much lower growth temperature compared to the 
evaporation temperature of cobalt (~1000 ºC at 10-6 torr) [28], the V-S route appears to be 
unlikely. 
Based on our experimental results, we propose the following mechanism for the 
growth of Co3O4 nanostructures directly on cobalt foil. Upon heating, a thin layer of Co melt 
is formed on the surface of the foil due to surface melting. Oxygen from the gaseous phase 
impinges on this molten surface and undergoes chemical reaction leading to the formation of 
CoO, Co3O4 etc. Eventually the Co melt becomes saturated with Co3O4 leading to the 
nucleation of cobalt oxide crystallites. Diffusion of oxidizing species and cobalt atoms 
towards the nucleation sites triggers the kinetically controlled growth along the [220] 
direction. The advancing front of the nanowire is wrapped with the cobalt melt containing the 
dissolved oxygen species and various cobalt oxide phases, thus forming a liquid-solid 
interface. At this liquid-solid interface the cobalt and oxygen atoms or sub-oxides of cobalt 
undergoes further chemical reaction to form Co3O4. The Co3O4 building blocks segregated 
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from the melt and attached to the main body of the nanowire leading to the rapid growth of 
nanowire. Thereafter, the growth of the nanowire is predominantly controlled by the 
migration of oxidizing species and cobalt atoms through the cylindrical body of the nanowire 
to the tip of the nanowire and the reaction kinetics of formation of Co3O4 at the liquid-solid 
interface of the growing front. It is probable that the formation of the faceted particle at the tip 
occurs during the gradual cooling after the termination of the growth process. Namely, at a 
slightly lower temperature, the rapid growth of the nanowires becomes terminated but the 
molten diffusive materials continue to accumulate at the tip of the nanowires. This 
accumulated melt becomes crystallites by the epitaxial crystallization of Co3O4 from the melt 
as the temperature of the system further decreases. As a result, the nanowires were found to 
be capped with a faceted particle.  
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Figure 4.9 (a) close-up SEM image of the Co3O4 nanowires showing the faceted particle at its 
tip and (b) a HR-TEM image of such faceted particle from the highlighted part in the inset. (c) 
SEM image of the cobalt foil with nanowires after 5 minutes of growth and (d) SEM image of 
the same region of the foil taken after a subsequent 5 minutes of growth. (e) a typical TEM 
image of the Co3O4 nanowire showing the amorphous outer layer. 
 
  In a plasma environment, the oxygen species are more reactive. Consequently, the 
events of formation of nucleation sites for cobalt oxide will be higher than in the absence of 
plasma. In addition, the high diffusion rate of the oxidizing species in the presence of plasma 
increases the growth rate of nanostructures. The high reactivity and diffusivity may cause the 
rapid growth in different lattice directions leading to the formation of 2D structures. Hence, 
the morphology switching from 1D (nanowire) to 2D (nanowall) nanostructures is primarily 
due to the reactivity and diffusivity enhancement of the oxygen species in the plasma. For the 
confirmation of the proposed growth mechanism, it is worthwhile to further explore the direct 
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growth of metal oxide nanostructures on respective metals. In situ TEM growth studies would 
be one of the appropriate techniques to obtain more details on such growth mechanism. 
 
4. 5 Field Emission Properties of Co3O4 Nanostructures 
 
FE measurements on various Co3O4 nanostructures were carried out using a two-
parallel-plate configuration at a pressure of 1×10-6 torr as described in chapter 2. The Co foil 
with vertically aligned nanostructures was secured to a Cu substrate cathode by copper 
double-sided tape. Indium tin oxide (ITO) glass coated with a layer of phosphor was 
employed as the anode. A 100 μm thick polymer film with a small rectangular hole was used 
as a spacer between the electrodes. The voltage across the electrodes was increased in steps of 
5V up to a maximum of 1100 V and the corresponding emission current was measured using 
a Keithley 237 high voltage source measurement unit (SMU). All the FE measurements were 
performed at room temperature. Figure 4.10a shows the field emission current density (J) 
versus applied field (E) for Co3O4 nanowires and nanowalls. When recording data, the applied 
voltage was repeatedly ramped up and down until there are no significant changes in the J-E 
plot in between the ramps. The turn-on field, defined as the electric field needed to obtain a 
field emission current density of 10 μA/cm2, is 6.4 V/μm and 7.75 V/μm for Co3O4 nanowires 
and nanowalls respectively. The highest achievable current density is approximately 50 
μA/cm2 at 7.0 V/μm and 8.5 V/μm for Co3O4 nanowires and nanowalls, respectively. The 
relation between the emission current density with field is given by the Fowler-Nordheim 
(FN) equation [29] 








                                                      (1) 
where J is the emission current density (A/cm2), Eavg is the average electric field (V/μm),  is 
the workfunction of the emitters (eV), α is the area factor and β is the enhancement factor. A 
and B are constants and their values are 1.54x10-6 and 6.44x103 respectively. The linear 
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variation of ln(J/E2) with 1/E (FN plot) as shown in Figure 4.10b supports the hypothesis that 
the current is due to field emission according to FN theory. In addition, the field emissions 
from nanowires and nanowalls samples were found to be fairly uniform, justified by the 
fluorescence images in Figure 4.10c and 4.10d, respectively. 
 
 
Figure 4.10 (a) FE characteristics of cobalt oxide nanowire (circle) and nanowall (square) 
samples. (b) FN plot of nanowire and nanowalls (c) and (d) fluorescence field emission 
images of the nanowires and nanowalls respectively (scale bar is 2 mm). 
 
 
 From the slope of linear part of the FN plot and knowing the work function of the 
nanostructured FE emitters, the enhancement factor β can be calculated.  The work function 
of the Co3O4 nanostructures is estimated from the UPS spectra. Figure 4.11 shows the UPS 
spectra of Co3O4 nanowires and nanowalls samples. The estimated work function of the NW 
sample is 4.11 eV. We noted that the estimated work function of the nanowire sample is 
significantly lower than that reported for bulk film of Co3O4 (4.5 eV) [30, 31]. For nanowalls 
the estimated work function from the UPS spectrum is 4.56 eV, slightly higher than reported 
Chapter 4                                        Co3O4 Nanostructures with Different Morphologies 
 88
for bulk film of Co3O4. Using the estimated work function and slope of the FN plot the 
enhancement factor β was calculated to be 640 for Co3O4 nanowires and 670 for Co3O4 
nanowalls. The β values of nanowires and nanowalls are not significantly different to explain 
the observed large variation in the current density, and this requires a more detailed 
discussion. In view of the comparatively lower number density of nanowires than nanowalls, 
the screening effect is likely to be the primary reason for the variation in emission current 
density.  The area factor α is calculated to be 0.665 and 0.227 for Co3O4 NWs and nanowalls 
respectively. This suggests the higher emission area for Co3O4 NWs could be partly due to a 
reduction in screening effect as the NWs are spaced further apart than the nanowalls. 
 




















Figure 4.11 UPS spectra of Co3O4 NWs and nanowalls. 
 
Our FE measurements on the Co3O4 nanostructures have shown that NWs are 
superior field emitters compared to the nanowalls. The low turn-on field and high current 
density for the nanowires is attributed to its sharp tip geometry, high aspect ratio, lower work 
function and optimum number density. However, it is worth mentioning that the result 
obtained for nanowall samples in the present study is better than our previous field emission 
studies on Co3O4 nanowalls grown by direct heating of cobalt film in ambient [18]. The FE 
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current density of NWs is adequate for many field emission device requirements and is 
comparable with other metal oxide nanostructures. 
 
4. 6 Electrochemical Studies on Co3O4 Nanowalls 
 
CV is well adopted electroanalytical technique to study phase transformations, redox 
couples during insertion/de-insertion process [32] and electrode kinetics [33-34]. Cyclic 
voltammograms were recorded on the cells with Co3O4 nanowalls in the potential between 3.0 
V and 0.2 V and at a scan rate, 0.1 mVs-1. The CV experiments were carried out at room 
temperature with Li-metal as the counter and reference electrode. The cyclic voltammograms 
of Co3O4 nanowalls are as shown in Figure 4.12.  During cathodic scan (Li-intercalation into 
Co3O4 nanowalls) reduction peak occurs at 1.0 V (vs. Li), while during anodic scan (Li-
deintercalation from the host) show an oxidation peak at 2.1 V (vs.Li). The observed cathodic 
and anodic peak potentials (redox potentials) are in good agreement with reported CV results 
on Co3O4 thin films [32]. The preliminary CV result demonstrates that Co3O4 nanowalls could 
be used as anode material for Li-ion batteries.  
 
Figure 4.12 The cyclic voltammograms of Co3O4 nanowalls. The cell represented as 
Li/1MLiPF6 (EC:DEC)/ Co3O4 nanowalls . Potential between 3.0 V and 0.2 V; Scan rate 
0.1mV/sec. 4,5 and 6th cycle are shown. 
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4. 7 Conclusions 
 
 In summary, Co3O4 nanostructures with 1D and 2D morphologies were synthesized 
using a simple method at relatively low temperature. Morphology alteration of the 
nanostructures was achieved by modifying the reactivity and diffusivity of oxygen via the 
introduction of plasma atmosphere. The as-synthesized nanostructures were characterized 
using XRD, micro-Raman, XPS and HRTEM analysis. Our synthesis method to create 
vertically aligned nanostructures has three major advantages; i) the processing temperature is 
considerably lower, ii) this is a catalyst-free method and hence avoids the sometimes 
undesirable outcome of incorporation of catalyst particles into the nanostructures; and iii) 
morphological variations can be readily achieved. Both 1D as well as 2D Co3O4 samples 
showed promising FE properties and are comparable with other known oxide nanostructures. 
The nanowires exhibited lower turn-on field and higher current density as compared to the 
nanowalls. These nanostructures could find application in the future cold cathode based 
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Chapter 5 
Synthesis and Characterization of NiO Nanostructures       
 
5. 1 Introduction 
 
 Nickel oxide (NiO) is an antiferromagnetic semiconductor with a wide band gap of 
~3.6 eV [1]. NiO is an extensively studied material due to its potential use as a magnetic thin 
film [2], active layer for gas sensors [3], electrochromic material [4], battery material [5] and 
so forth. Nanostructures of NiO with unique size and shape may exhibit superior functionality 
or may open new possibilities due to the large surface fraction and confinement effect 
inherent to the reduced dimensional materials. Synthesis of nanostructures of NiO in various 
forms including nanowires [6],nanorods [7], nanosheets [8] and nanorolls[9] has been 
reported in recent years. 
In this chapter a simple but efficient method to create NiO nanostructures on a nickel 
foil is presented. The potential applications of such fabricated NiO nanowall film in Li-ion 
battery and electron field emission applications were investigated. An attribute of this 
synthesis approach is the feasibility of straightforward electrochemical and field emission 
studies of the as-made nanostructures without further post-growth assembly and 
manipulation. Remarkably, NiO nanowalls showed excellent capacity retention and high rate 
capability on cycling. It was able to achieve a discharge capacity of ~638 mAh/g (1.25C rate) 
at the end of 85 cycles when cycled between 3.0 V and 5 mV (vs. Li). The field emission 
measurements showed that NiO nanowalls are efficient emitters with low turn-on field and 
reasonably high current density. 
 
5. 2 Experimental Section 
Nickel foils with assembled NiO nanowalls were synthesized directly by the plasma 
assisted oxidation method as described in Chapter 2. The polished Ni foils are heated to the 
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required temperature inside the chamber. Oxygen gas was leaked at a constant rate and the 
pressure inside the chamber was controlled and maintained at a constant value during growth. 
The growth of NiO nanostructures was then initiated by turning on the RF power thereby 
creating an oxygen plasma in the chamber. After growth the samples were cooled down 
naturally to room temperature. Experiments to determine the optimal growth of nanowalls 
were carried out over a temperature range of 500 to 800 ºC, RF power of 0-250 W, processing 
pressure 200-2000 mTorr and oxygen flow rate of 10-30 sccm. After growth, the shiny 
metallic surface of the nickel foil turned greenish yellow, indicating the presence of NiO 
nanostructures. 
The morphology and structure of the as-synthesized nanostructures were 
characterized using field emission scanning electron microscopy (FESEM, JEOL JSM-
6700F), transmission electron microscopy (TEM, JEOL, JEM-2010F, 200 kV), X-ray 
diffractometer, (X’PERT MPD, Cu-K (1.542 Å) radiation, while unit cell parameter was 
determined by using TOPAS-R Software) and Raman spectroscopy (Renishaw system 2000, 
excitation 532 nm). X-ray photoelectron spectroscopy (XPS, ESCA MK ΙΙ; using Mg Kα 
source) was used to determine oxidation state of the Ni in NiO nanowalls. 
For electrochemical measurements, NiO nanowall was used as working electrode, Ni-
metal substrate was used as current collector. Li-metal foil (0.59 mm thick; Kyokuto metal 
Co. Ltd., Japan) was used as the counter (anode) and reference electrode, 1M solution of 
LiPF6 in ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 by volume; Merck) as the 
electrolyte, and polypropylene foil (celgard) as the separator. Coin-type test cells (size 2016) 
were fabricated in an argon-filled glove box (MBraun, Germany). We note that no conducting 
carbon or binder were used for the fabrication of the above thin film electrode. The 
geometrical area of the electrode is 2.0 cm2. The total thickness of the NiO film and nanowall 
was estimated from the SEM cross sectional image of the sectioned sample. Using these 
geometrical parameters and the density of the NiO (6.7g/cm2) the active mass of the material 
was calculated to be ~0.335 mg. The cells were aged overnight before measurement. The 
galvanostatic discharge-charge cycling and cyclic voltammetry were carried out at room 
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temperature by using Macpile II system (Biologic, France) and multi-channel battery tester 
(model SCN, Bitrode, USA), respectively. Other details of cell fabrication and 
instrumentation have been described previously [10-11]. 
For field emission studies, the Ni foil with NiO nanowalls was glued onto a copper 
cathode using conducting double sided adhesive tape. A glass slide coated with indium tin 
oxide (ITO) was used as the counter electrode. The separation between the electrodes was 
kept at 100 µm by using a polymer film with a circular aperture of area 22 mm2 as a spacer. 
The voltage between the electrodes was gradually increased in steps of 10V and the 
corresponding current was measured using a Keithley 237 high voltage source measurement 
unit (SMU). Details of the experimental setup employed for the field emission measurement 
is described Chapter 2. 
 
5. 3 Growth and Characterization of NiO nanostructures 
 
5. 3. 1 Growth of NiO Nanostructures 
 
The most favorable growth conditions were found to be at a substrate temperature of 
600 (± 20) ºC, RF power of 200 W, oxygen flow rate of 30 sccm and processing pressure of 
1500 mTorr. Figures 5.1a and 5.1b show typical SEM images of the nickel foil after 2 hrs of 
growth. The entire surface was uniformly covered with a thin film of free standing 2D 
nanostructures (nanowalls). The as-synthesized NiO nanowalls were over 100 nm in height 
and the wall thickness was typically less than 40 nm. The nanowalls were vertically aligned to 
the plane of the substrate and were interconnected to each other resulting in the formation of 
extended network structures.  
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Figure 5.1 SEM images of the NiO nanowalls grown on nickel foil viewed at 20º from the 
substrate normal.  
  
In the absence of the plasma, no nanowall structures were observed on the heated foil 
surface within the range of temperature studied (see Figure 5.2a). At relatively low plasma 
power condition (say 100 W) 1D nano-flakes looking structures were observed on the foil 
surface (Figure 5.2b). However, the density of the nanoflakes was low. Above 225 W of 
plasma power results only in the formation of NiO film. In addition, the growth temperature 
has a critical role in the formation of NiO nanowalls. At ~ 450 (± 20) ºC and at a plasma 
power of 200 W, 1D nano-flakes were formed on the foil (Figure 5.2c). At ~ 500 (± 20) ºC 
with 200 W plasma power a mixture of nano-flakes and nanowalls were formed; although the 
latter predominates (figure 5.2d). At higher temperatures (> 650 ºC) only thin film of NiO 
were formed. 
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Figure 5.2 (a) and (b) SEM images of the nickel foil after heat treatment at 600 ± 20 ºC in 
oxygen atmosphere without plasma and with a RF plasma of power 100 W, respectively. (c) 
and (d) shows SEM images of nickel foil treated in a oxygen plasma of power 200 W at 
temperature 450 ± 20  ºC  and 500 ± 20 ºC, respectively. 
 
A cross-sectional view of a sectioned Ni foil after the nanowall growth showed a NiO 
nanowall/NiO film/Ni multi-layer structure. This suggests a diffusion controlled mechanism 
for the nanowall growth. At the early stage of the growth, adsorbed oxygen molecules from 
the gaseous state react with the heated Ni foil surface leading to the formation of a NiO film. 
This is followed by the epitaxial growth of NiO nanowalls which is controlled by the 
diffusion of Ni atoms through the existing NiO film. At lower temperature and plasma power 
conditions, the diffusion rate of the constituent atoms at the heated foil surface is relatively 
slow, and so is the reaction kinetics of formation of NiO. At these conditions, 1D nanoflake 
growth is favored instead of 2D nanowalls. On the other hand at the optimal temperature and 
plasma power the diffusion rate of the constituent atoms are high resulting in a high rate of 
formation of NiO. This leads a rapid growth and results in the formation of 2D nanowalls. 
This argument is consistent with our studies on the synthesis of cobalt oxide nanostructures 
Chapter 5                                   Synthesis and Characterization of NiO Nanostructures 
 98
with various morphologies by varying the reactivity and diffusion rate of oxidizing species on 
a heated metal foil as described in chapter 4. 
 
5. 3. 2 Characterizations 
 
(a) X-ray Diffraction  
 
 Since our synthesis technique yielded high density nanowalls, we performed further 
characterizations only on nanowall samples. Figure 5.3 shows the XRD pattern of the nickel 
foil with nickel oxide nanowalls. The diffraction peaks observed at angles of 37.4º, 43.5º and 
62.9º can be indexed to the (111), (200) and (220) planes of the cubic NiO phase, 
respectively. The calculated lattice parameter of NiO nanowalls is a = 4.183 Å, which is in 
good agreement with the value (4.172 Å) of reported literature (JCDF card no.78-0423). The 
XRD pattern also includes diffraction peaks corresponding to the Ni substrate. Notably, no 
other sub-oxide phases of nickel were observed in the XRD pattern. 
  
Figure 5.3  XRD pattern of the nickel foil with NiO nanowalls. 
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(b) micro-Raman Spectroscopy 
 
The micro-Raman spectrum of the nanowalls was recorded using 532 nm excitation 
wavelength at room temperature (Figure 5.4). The bands observed at 466.1 and 573.3 cm-1 are 
ascribed to the transverse optical (TO) and longitudinal optical (LO) phonon modes of NiO 
respectively and are in good agreement with the reported values of the bulk NiO single 
crystals [12]. The peaks at 787.2, 898.3 and 1104.2 cm-1 correspond to the 2TO, TO+LO and 
2LO combination phonon modes, respectively. The strong peak observed at 1496.2 cm-1 
corresponds to the two magnon (2M) excitation in NiO.  






































































Figure 5.4 micro-Raman spectrum of the NiO nanowalls. 
 
(c) X-ray Photo electron Spectroscopy (XPS) 
 
Figure 5.5a and 5.5b show XPS spectra of the nanowalls for the O 1s and Ni 2p core 
levels, respectively. The O 1s spectrum, after deconvolution into two peaks, consists of a 
main peak at 530.5 eV with a shoulder at ~ 1 eV higher binding energy. The Ni 2p spectra 
comprise two regions representing the Ni 2p3/2 (850-865 eV) and Ni 2p1/2 (870-885 eV) spin-
orbit levels. The Ni 2p3/2 region consists of a main peak at 855.4 eV with a shoulder peak (~1 
eV above the main peak) and a satellite peak (~7 eV above the main peak); similar features 
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are observed for the 2p1/2 region. The binding energy of the main and satellite peaks in the O 
1s and Ni 2p core levels are consistent with the previous report on NiO [13]. 



























































































Figure 5.5 (a) O 1s and (b) Ni 2p XPS spectra of NiO nanowalls. 
 
(d) TEM Studies 
 
For the TEM analysis some of the nanowalls were transferred to a commercially 
available copper TEM grid with carbon film by gently sliding it over an ethanol wet as grown 
nanowall film. These samples were dried in air prior to the TEM analysis. Figure 5.6a shows 
a low magnification TEM image of the nanowalls showing its unique geometrical shape. The 
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HRTEM image of the nanowalls in Figure 5.6b reveals lattice fringes with interplanar spacing 
2.44 Å and is corresponding to the (111) lattice planes of the rock salt NiO structure (2.41 Å). 




Figure 5.6 (a) Low magnification TEM image of the nanowalls. (b) A typical high resolution 
TEM image of the nanowalls. Inset of (b) shows SAED pattern of the NiO nanowall (zone 
axis along [0-1-1]) 
 
5. 4 Field Emission Properties of NiO Nanowalls 
  
The field emission performance of the NiO nanowalls was examined using a parallel 
plate electrode configuration at a pressure of ~10-6 Torr at room temperature. Figure 5.7 
shows the emission current density (J) from the nanowalls as a function of applied field (E). 
The turn-on field of the nanowall emitters is found to be 7.4 V/µm at a current density of 10 
µA/cm2. The current density at a maximum applied field of 11 V/µm (limited by our set-up) is 
better than 160 µA/cm2.  
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Figure 5.7 Field emission current density versus applied electric field (J-E) plot of NiO 
nanowalls. The inset shows the corresponding F-N plot. 
 
According to the Fowler-Nordheim (FN) theory [14], the field emission current 
density is related to the applied field according to, 








   
where J is the emission current density (A/cm2), Eavg is the average electric field (V/μm),  is 
the work function of the emitters (eV), α is the area factor and β is the field enhancement 
factor. A and B are constants with values of 1.54x10-6 and 6.44x103 respectively. The 
enhancement factor β can be deduced from the slope (S) of the 1/E vs ln(J/E2) plot (FN plot) 
and is given by,       




31044.6    . 
From the FN plot (inset of Figure 5. 7) the slope of the linear region was calculated to be ~82. 
The work function of the NiO nanowalls was estimated by ultraviolet photoelectron 
spectroscopy (UPS) measurements. The UPS measurement was performed using 59.9 eV 
photons with a sample bias of -5 eV (see Figure 5. 8). Using the energy cut-off of the photo-
electrons obtained from the UPS spectra, the work function was estimated to be 4.1 eV. 
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Notably this value is slightly lower than the reported bulk value for NiO (4.3 eV). By using 
the estimated work function of the nanowalls the enhancement factor (β) is calculated to be 
~700. These results are comparable with other known nanostructure [15]. It is worth 
mentioning that the turn-on field and current density of the NiO nanowalls are better than the 
previous report on the field emission properties of NiO nano-rods [16]. The efficient field 
emission from the nanowalls is attributable to its nanometer scale wall thickness and open 
edge geometry. In addition, the reduced work function of the nanowalls facilitates the electron 
emission process. 














Figure 5.8 UPS spectra of NiO nanowalls. 
 
5. 5 Electrochemical properties of NiO nanowalls.  
 
The electrochemical properties of NiO nanowalls for Li-ion battery applications were 
evaluated using galvanostatic discharge-charge cycling carried out in the potential window of 
0.005-3.0 V versus Li. The current densities were measured at 448 mA/g (0.62C rate), 895 
mA/g (1.25C rate), and  1343mA/g (1.87C rate) up to 40 (or 85) cycles. The voltage versus 
capacity profiles at current densities of 448 and 895 mA/g are shown in Figure 5.9a,b, 
respectively. For clarity, the first discharge-charge cycles with different current densities are 
shown in Figure 5.9c. The open circuit voltage (OCV) of the fabricated aged (overnight) cells 
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was ~2.8 V. As shown in Figure 5.9a,c, during the first discharge, the voltage decreased 
steeply to ~0.6 V where a plateau region (region b) sets in and continues until a capacity of 
1050 (mAh)/g is reached. This corresponds to a consumption of 2.92 mol of Li per mol of 
NiO. Another slope was observed at ~0.30 V, with a total first discharge capacity of 1253 ±20 
(mA h)/g, corresponding to a consumption of 3.49 mol of Li per mol of NiO. The first charge 
profile of NiO nanowalls shows a strong polarization of ~1.3 V (Figure 5.9a) followed by a 
voltage plateau at ~2.2 V (region b′). The first charge capacity is 794 (mA h)/g (2.21 mol of 
Li). During the second discharge-charge cycle, voltage plateaus appear at ~1.25 and ~2.2 V, 
respectively. The irreversible capacity loss (ICL) during first discharge and charge cycle is 
about 459 (mA h)/g (current density, 448 mA/g). At higher current densities (895 and 1343 
mA/g), the shapes of discharge-charge curves are similar to that at 448 mA/g (Figure 5.9b,c). 
However, during the first discharge cycle, the plateaus (region b, Figure 5.9c) are shifted to 
lower potential at higher current densities due to kinetic effects of the material. The first 
discharge-charge capacities were 1050 and 833 (±20) (mA h)/g and 685 and 506 (±20) (mA 
h)/g for 895 and 1343 mA/g, respectively. The corresponding ICL values at 895 and 1343 
mA/g are 392 and 327 (mA h)/g, respectively, and these values are smaller than that of 448 
mA/g. In general, ICL during first discharge and charge cycle arises because of incomplete 
decomposition of solid electrolyte interface (SEI) and Li2O and other factors such as intrinsic 
nature of the material and kinetic limitations (due to current density) [ 5,17–25]. 
The capacity versus cycle number plots at current densities of 448, 895, and 1343 
mA/g are shown in Figure 5.9d. The reversible capacity at the end of the 20th cycle varies 
from 757, 646, and 490 (±20) (mAh)/g, which correspond to respectively 2.10, 1.80, and 1.36 
(±0.05) mol of Li per mol of NiO. It is also clear from Figure 5.9a,b,d that the coulombic 
efficiency is >98% at higher current densities in the range 5-80 cycles. A previous report on 
the cycling performance of nanosized particles of NiO [5] showed discharge capacities around 
600 and 300 (mAh)/g at the end of the 2nd and 40th cycles respectively, cycled between 0.01 
V and 3 V, at a rate of 0.2C. The observed capacity fades to about 50% between 2-40 cycles. 
In the present study, NiO nanowalls exhibiting only 7% capacity fade between 2 to 40 cycles 
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at a current density of 448 mA/g (0.62C rate). Moreover, at a current density of 857 mA/g 
(1.25C rate), a capacity of 638 (±20) (mAh)/g with negligible capacity fading was 
demonstrated even after long-term cycling (3% capacity fading between 2 and 85 cycles).  
 






























































































Figure 5.9 Summary of electrochemical cycling results of NiO nanowall electrodes. (a), (b) 
and (c) Galvanostatic cycling plots (voltage vs. capacity) of NiO nanowalls.  Current density 
and cycle number are indicated. (d) Plots of capacity vs. cycle number. Cycled between 3.0-
0.005V vs. Li, at room temperature. 
 
 A SEM inspection of the electrode in the charged state (after 40 cycles) shows that 
the initial NiO nanowall structure has transformed to amorphous/nanosized particles during 
cycling. Similar structure destruction and morphology variations are well documented in 
literature [5]. Ex situ TEM studies of cycled electrodes in charged and discharged states are 
shown in Figure 5. 10. The TEM images clearly show the particle size ranges from 5 to 8 (±2) 
nm (Figure 5.10a) with characteristic interplanar spacing of the host NiO compound (Figure 
5.10b). The SAED pattern of the electrode (in the charged state, to 3.0 V) shows diffuse spots 
and diffuse rings indicative of an amorphous phase with nanocrystalline regions (Figure 
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5.10c) of NiO. Similar variations of particle size, metal and Li2O formation during discharge, 
and metal to metal oxide formation during charge cycling were previously reported on 
nanosized CoO [5]. The HRTEM and SAED patterns of cycled electrode in the discharged 
state (0.005 V) showed the expected Ni and Li2O phases (see Figure 5.10d-f).  
 
 
Figure 5.10 (a and b) High resolution TEM images and (c) selected area electron diffraction 
(SAED) pattern of NiO electrodes in the charged state (3.0 V) (after 40 cycles). (d-f) HRTEM 
image and SAED patterns of NiO electrodes in the discharged state (0.005 V) (after 40 
cycles). 
 
The first-discharge profiles of the NiO nanowalls are qualitatively similar to the 
results obtained by Tarascon et al. [5, 19]. However, the capacity values are relatively higher 
than the earlier studies. The reaction mechanism is similar to that proposed by Tarascon et al. 
[5,19] NiO  2Li+ 2e-  Ni0 Li2O (discharge) + polymeric layer formation/electrolyte 
reduction, and Ni0  Li2O  Ni2+O 2.0Li+ 2 e- (charge).  Theoretically, during discharge 
the process must consume 2.0 moles of Li per mole of NiO. Our observed experimental 
values are 3.49 moles of Li, and the extra 1.49 moles of Li can be partially attributed to the 
formation of SEI and the polymeric gel-type layer on the metal nano-particles due to the 
decomposition of the solvent in the electrolyte [5, 17-19]. During the first-charge reaction, the 
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decomposition of Li2O is aided by the nano-Ni0 resulting in the formation of NiO, giving a 
capacity depending on current density (Figure 5.9c).  
 































































































Figure 5.11 (a) Cyclic voltammograms (i vs. V plots) of NiO nanowalls; scan rate 
0.058mV/sec. (b, c, d) differential capacity vs. cell voltage plots extracted from Figures 3 and 
SI. Fig. S2a. Potential between  3.0 V and 0.005 V. 
 
Cyclic voltammograms (CV) studies give complementary data to the galvanostatic 
cycling. The CV of NiO nanowalls are shown in Figure 5.11a. CV was recorded on the cells 
with NiO nanowalls in the potential window between 3.0-0.005 V, at a scan rate of 0.058 
mVs-1. The first-cathodic scan (reaction with Li) started from the OCV, ~2.8 V. A smooth 
curve up to ~0.7 V with a peak at ~0.57 V is observed corresponding to the initial reduction 
of Ni2+O to metallic Ni, with Li2O and SEI formation. During anodic scan (Li-removal from 
the host), a peak at ~2.1 V corresponding to the NiO formation and decomposition of SEI and 
Li2O [12-13] are observed. In the second cathode/anodic scan, a set of broad peaks at 1.25 V 
and 2.2 V are seen, respectively. The 6th cycle CV shows well-defined cathodic and anodic 
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peaks that bear good resemblance to that of 6th cycle differential capacity vs. potential plots as 
shown in Figure 5.11b-d. With increasing scan rates, the expected increase in peak currents 
and a shift in both the cathodic and anodic voltages were observed [13, 23]. The differential 
capacity vs. voltage plot for the 6th and 40th cycle, shown in Figure 5.11b-d, indicates that the 
average discharge voltage is ~1.2 V and the charge-voltage is 2.2 V.  These voltage values are 
in agreement with nano particle NiO and Ni-NiO composites reported in the literature [24,25]. 
The improved capacity and good stability up to 85 cycles of the NiO nanowalls can 
be attributed to the following factors. Firstly, the effective electrode/electrolyte contact area is 
enhanced due to the vertically aligned configuration as well as the unique NiO nanowall 
morphology [26-29]. Secondly, due to the small wall thickness mass and charge find shorter 
diffusion lengths for ionic and electronic transport, respectively. Finally, NiO nanowalls 
being grown directly on Ni substrates provide a good electrical contact between the electrode 
and the active material.  
 
5. 6 Conclusions 
 
 In summary, a simple method to fabricate well aligned NiO nanowall film directly on 
nickel foil is presented. The as-prepared nanowalls were characterized using SEM, XRD, 
micro-Raman, XPS and TEM techniques. The multi-functionality of the NiO nanowall film 
was demonstrated by investigating its electrochemical and field emission properties. 
Electrochemical properties of NiO nanowalls shows excellent capacity retention on cycling 
and high rate performance, which makes NiO nanowalls a promising anode material for high 
power Li-ion batteries. In particular the rate capability and coulombic efficiency of vertically 
aligned NiO nanowalls are better than the previously reported works on NiO nanoparticles.  
The field emission studies of the NiO nanowalls show that they are competent candidates for 
many field emission based device applications. The turn on voltage and the maximum 
attainable current density of the nanowalls are comparable with other known nanostructures.  
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Size-Structure-Property Correlation of Individual Nb2O5 Nanowires 
 
6. 1 Introduction 
 
 Physical properties of nano-sized materials are primarily determined by (1) spatial 
confinement effects, (2) nature of the surfaces, and (3) its microstructural details. All these 
factors are sensitively dependent on the characteristic size of the nanostructures. Most of the 
‘bottom up’ nanofabrication approaches yield structures with a size distribution and hence the 
information obtained from the characterization of an array of as-synthesized products gives 
rise to averaged results and does not reflect the unique properties of individual nanostructures. 
In addition, physical properties of every nanostructures are largely determined by its 
microstructure (e.g. crystalline quality, type and concentration density of defects). Hence, an 
approach that facilitates both the characterization of physical properties and revelation of 
microscopic structural details of individual nanostructures is essential. In this chapter, a 
combinatory approach to obtain size-structure-property correlation on individual Nb2O5 NWs 
is discussed. The mechanical and electrical transport properties of individual Nb2O5 NWs are 
characterized and correlated with the microstructures of the same NW. 
 
6. 2 Experimental Section 
 
Figure 6.1 depicts the experimental approach adopted to probe the effect of size and 
microstructures on the physical properties of individual NWs. The measurements were 
performed on suspended NWs which were assembled across the holes on a SiN TEM grid. 
Such NW bridges were secured by depositing Pt at both ends using focused ion beam (FIB) 
(Figure 6.1a). The mechanical characterization of these isolated NW bridges was performed 
by nanoscale three-point bend test using atomic force microscopy (AFM) (Figure 6.1b). Two 
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probe electric transport measurements were carried out in a field emission scanning electron 
microscope (FESEM) equipped with nano-manipulators (Figure 6.1c). A detailed 
microstructural investigation on the same NW was performed by high resolution transmission 
electron microscopy (HRTEM) (Figure 6.1d). Using the combinatory approach presented in 
this work, we are able to measure the physical properties of selected NWs with a view into 
their microscopic structures. This technique provides valuable insight into the correlation 
between microstructure of NWs directly with its physical properties. 
 
NW bridges on SiN TEM grid 











Figure 6.1 Schematic illustration of experimental procedure adopted to obtain structure-
physical property correlation in individual NWs. (a) Construction of end clamped isolated 
NW bridges on SiN TEM grid with circular holes. (b) Mechanical property characterization of 
individual NWs by nanoscale 3-point bend test. (c) Electrical transport property 
characterization of individual NWs by two probe measurements. (d) Characterization of 
microstructure of the NWs by HRTEM. 
 
 
The mechanical characterization the NWs was performed by nanoscale three-point 
bend test using atomic force microscopy (AFM, Dimension 3100, Nanoscope Digital 
Instruments). The area with the NW bridge was imaged by the Force-Volume (F-V) mode. 
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From the as obtained F-V image the force curve right at the mid-span of the NW bridge was 
selected for calculating the Young’s modulus as described in chapter 2. 
Two probe electric transport measurements of NWs were carried out in a field 
emission scanning electron microscope (FESEM, JSM7401-F, JEOL) equipped with nano-
manipulators (sProber Nano-M, Zyvex Instruments). A Keithley source-measure unit (model: 
4200SCS) connected to the tungsten probes was used to measure the current-voltage (I-V) 
characteristics of the NWs. Microstructural characterization of the NWs was performed by 
transmission electron microscopy (TEM, JEM-2010F, 200 kV, JEOL). 
 
6. 3 Results and Discussions 
 
6. 3. 1  Mechanical Properties of Individual Nb2O5 NWs 
 
 The SEM image displayed as Figure 6.2a exemplifies one of the NW bridge and 
Figure 6.2b shows the SEM image captured after Pt deposition at the ends of the bridge. The 
thickness of the Pt deposited was ~100 nm. Pt deposited at the ends of the NW bridges served 
two purposes. Firstly, the NWs were secured in place avoiding slipping during the three-point 
bend test to characterize their mechanical properties. Secondly, the Pt deposit functioned as 
the contact pad for the electrical characterization of the NW. Being constructed on the TEM 
grid, each NW bridge can be inspected under TEM to reveal the details of the microstructures. 
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Figure 6.2 SEM image of the Nb2O5 NW bridge across the hole on a SiN TEM grid, (a) 
before and (b) after deposition of Pt at the ends of the NW bridge. 
 
 
 For three-point bend test, an AFM cantilever with calibrated spring constant was used 
to apply a known force at the mid-point of the NW bridge and the corresponding deflection 
was quantified as detailed in chapter 2. For the three-point bend test, silicon nitride AFM 
cantilever of force constant 0.57 N/m with tip size of 15-20 nm (OTR8, Veeco Inc.) was used. 
Method adopted in this study is scanning the area with NW bridge in F-V mode and the force 
curve at the mid-point of the suspended length was selected for force and deflection 
measurements. A typical F-V image of the Nb2O5 NW bridge is displayed in figure 6.3a. A 
force curve on the SiN TEM grid surface was taken as the reference. The plot displayed in 
figure 6.3b illustrates the NW deflection (δ) measurement.  




Figure 6.3 (a) A typical F-V image of a suspended Nb2O5 NW. (b) illustration of NW 
deflection measurement from the force curves recorded from the mid-point of the suspended 
NW and that from a rigid surface (SiN). 
 
Assuming the NW bridge as a beam with both ends fixed and of uniform circular 
cross-section (which is evident from the SEM study of broken NWs), Young’s modulus, E is 




FlE                                                        (6.1)  
where F is applied force, l is suspended length of the NW bridge, d is diameter of NW and δ 
is deflection at the mid-point of the NW. To minimize error in calculations, the suspended 
length and the diameter of NWs was estimated from the SEM images. NWs with sizes in the 
range of 80 nm to 180 nm were investigated. A plot of the measured Young’s modulus of the 
NW versus diameter is displayed in Figure 6.4. The error bar shows the relative error in the 
elastic modulus due to the error in diameter measurements and was calculated as described in 
chapter 1. The Young’s modulus varies between 5-30 GPa. Thus, the Young’s modulus of the 
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Nb2O5 NW shows a size dependent variation. The elastic modulus significantly increases as 
the diameter reduces. The Young’s modulus of NWs are significantly higher than that of the 
reported Nb2O5 film (0.8GPa). The better crystalline quality of NWs compared to the 
polycrystalline film is likely to be the primary reason for the difference in Young’s modulus. 
 
  
Figure 6.4 Plot of Young’s modulus of Nb2O5 NWs as a function of the NW diameter. 
 
6. 3. 2 Electrical Transport Properties of Individual Nb2O5 NWs 
 
With the NWs padded with Pt and fabricated on insulating SiN surface, electrical 
transport measurements on the NW bridges can be directly performed. For electrical 
characterization, the samples were transferred to the FESEM chamber. All the transport 
measurements were carried out at room temperature at a base pressure of ~10-4 Pa. Two probe 
electronic transport measurements were carried out using tungsten probes of tip size ~50 nm. 
A Keithley source-measure unit (model: 4200SCS) connected to the tungsten probes was used 
to measure the current-voltage (I-V) characteristics of the NWs.  
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A typical SEM image of the NW bridge of diameter ~80 nm captured during 
electrical probing is displayed in Figure 6.5a. The distance between the Pt pad electrodes was 
~2 µm. The I-V characteristic obtained from this NW is shown in Figure 6.5b. The non-linear 
I-V curve demonstrated the typical semiconducting characteristics of the Nb2O5 NW. We note 
that the curve is reasonably symmetrical in the positive and negative bias conditions. Using 
the geometrical parameters estimated from the SEM image, the conductivity (σ) of the NW is 
found to vary between 10-2-10-4 (Ω.cm)-1. We note that the previously reported electrical 
conductivity of bulk Nb2O5 (10-3 to 10-6 (ohm-cm)-1) is close to the estimated NW 
conductivity [1]. A plot of current density versus voltage of three NWs with diameters ~80 
nm (red circles), 109 nm (green triangles) and 162 nm (black squares) is shown in Figure 
6.5c. An obvious increase in the current density (J) for a particular voltage with increase in 
diameter of the NW was observed. The conductivity is given by the equation l
dV
dJ )( , 
where l is the length of the NW in between the contact pads. The length of the NW in between 
the contact pads is the same (~2 µm) for all the tested NWs and this implies a gradual 
increase in the conductivity with diameter of the NWs.  
The NW with metal pads on either side can be modeled as a metal-semiconductor-
metal circuit. Due to the work function difference between the Nb2O5 (work function, φ ~5.6 
eV) [2] NW and Pt metal (work function, φ ~5.7-6.1 eV) pads the two contacts form Schottky 
type barriers. This circuit is equivalent to two Schottky diodes connected back to back 
through a semiconductor [3]. The I-V characteristic of such circuit at intermediate bias 
condition is determined by the reverse biased Schottky junction. Assuming the thermionic 
field emission theory for the reverse biased Schottky junction the current-voltage relationship 




                   (6.2) 
where S is an area factor, e is electronic charge, k is Boltzmann constant (1.38 × 10-23 m2 kg s-
2 K-1), T is temperature and Js is a slowly varying function of the applied voltage. E0 is a 
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function of carrier density (n) and is given by the equation, )coth( 00000 kT
eE






nE   , with m* is the effective mass of electron in Nb2O5 NW, εs is its 
relative permittivity (εs{Nb2O5} ~ 41) and ε0 is the permittivity of free space. This implies that 




e  . The electron 
effective mass of the Nb2O5 was calculated using first-principles method based on the density 
functional theory and the Vienna ab initio Simulation package (VASP) [5-7]. Energy band of 
bulk Nb2O5 along the [110] direction near the conduction band minimum at  was calculated 
and fitted to a parabola to derive the electron effective mass. Figure 6.5d shows the plot of 
ln(I) versus V for three different NWs of diameter 162 nm, 109 nm and 80 nm. From the 
slope of the linear fitted curve, and using the calculated effective mass of 0.76m0 for Nb2O5, 
the electron density of each specific NWs was calculated. The estimated electron densities for 
the NWs of diameter 162 nm, 109 nm and 80 nm are 2.25×1021/cm3, 1.87×1021/cm3 and 
1.71×1021/cm3 respectively. The calculated carrier density ratio among these three NWs was 
1.00 : 0.83 : 0.76, with a clear indication of increase in carrier density with size. This implies 
that the observed high conductivity of larger NWs is likely due to the relatively high carrier 
density.  












































































































Figure 6.5 Electrical transport properties of Nb2O5 NWs. (a) SEM image of a NW bridge of 
diameter ~80 nm showing the electrical probing. (b) I-V characteristics of the same NW. (c) 
Current density versus voltage for three NWs of diameter 80 nm (red circles), 109 nm (green 
triangles) and 162 nm (black squares). The length of the NW in between the Pt pads was ~2 
µm. (d) plot of ln(I) versus voltage of three NWs with different diameter. The solid curves are 
the corresponding linear fit. 
 
 
 Our synthesis method produced many NWs with non-uniform cross-section along the 
length (Chapter 3). Typically one can find NWs with a broader base and sharper tip. We have 
investigated the electrical transport properties of such tapered NWs. Figure 6.6a shows SEM 
image of a single tapered NW forming two ‘NW bridges’ (labeled NWB1 and NWB2) across 
the holes in the SiN TEM grid. The average diameter of NWB1 and NWB2 is 156 nm and 
124 nm, respectively. I-V measurements on this NW were carried out in three different 
configurations. In the first configuration, the circuit includes both bridges (NWB1+NWB2) 
and the corresponding I-V curve is shown in Figure 6.6b. In the second configuration the I-V 
curve was recorded through the ‘NW bridge’ with larger diameter (NWB1) and is displayed 
in Figure 6.6c. In this configuration, an obvious increase in conductivity compared to the first 
configuration was observed. Finally, the I-V curve across the ‘NW bridge’ with smaller 
diameter (NWB2) was recorded and displayed in Figure 6.6d. The I-V curve across the 
smaller NW bridge was similar to the I-V curve obtained from the first configuration. These 
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results suggest that the electron transport through the tapered NW is dominated by the thinner 
and more resistive part. 























































































Figure 6.6 Electrical transport through tapered Nb2O5 NWs. (a) SEM showing the electrical 
probing on a tapered NW forming two ‘NW bridges’ (labeled NWB1 and NWB2) across 
holes in SiN TEM grid. (b) I-V curve when the circuit includes both NW bridges. I-V 
characteristics of the (c) NWB1 and (d) NWB2. 
 
6. 3. 3 Structure-Physical Property correlations of Nb2O5 NWs 
 
 After performing three-point bend test and two probe electrical measurements, the 
microstructures of NWs were investigated on a one by one basis. Extensive HRTEM (JEM-
2010F, 200 kV, JEOL) studies revealed that the growth direction of all the NWs are uniquely 
along the [220] direction. Figure 6.7a shows a typical HRTEM image near the edge of a NW 
of diameter ~180 nm. A low magnification TEM image of the NW is shown in the inset of 
Figure 6.7a. The NW surface is clean and free from significant amount of amorphous coating 
(The appearance of very thin (a few Agstrom) amorphous layer could be due to the residual 
carbon coating during TEM measurements). Large density of planar defects (stacking faults, 
dislocations etc.) along the long axis of the NW was observed in the HRTEM (the planar 
defects are highlighted by the arrows). Defects were observed in the core region of the NW as 
well (Figure 6.7b). Presence of planar defects in this NW was further evident from the 
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streaking of its selected area electron diffraction (SAED) spots (Figure 6.7c).  Figure 6d and 
6e shows HRTEM images near the edge and core region of a NW of diameter ~80 nm. A low 
magnification TEM image of the same NW is displayed in the inset of Figure 6.7d and its 
SAED pattern is displayed in Figure 6.7f. Compared to the bigger NWs, a relatively low 
planar defect density was observed in the HRTEM of this NW. In this study, more than ten 
NWs having various diameters were examined using HRTEM. Although planar defects were 
observed even in the smallest investigated NW of diameter ~15 nm, relative density of the 
planar defects were found to significantly decrease with size (HRTEM images of NWs with 
diameters ~35 nm and ~15 nm are shown in Figure 6.7g and 6.7h, respectively).                                     
 
Figure 6.7 Microstructures of Nb2O5 NWs. (a) and (b) HRTEM image captured near the edge 
and core region of a NW of diameter ~180 nm. Inset of (a) is a low magnification TEM image 
of the same NW and (c) its SAED pattern. (d) and (e) HRTEM image captured near the edge 
and core region of a NW of diameter ~80 nm. A low magnification TEM image of the same 
NW is displayed in the inset of (d) and (f) its SAED pattern. (g) and (h) HRTEM images of 
Nb2O5 NWs of diameter ~35 nm and ~15 nm, respectively. In HRTEM images the planar 
defects are highlighted by arrows. 





The relationship between mechanical properties and micro-sized and nano-sized 
materials has been addressed by many researchers [8-16]. In micron sized crystals, the 
observed size dependent elastic properties have been attributed to the dislocation motion and 
related phenomenon under deformation [8]. On the other hand, it is generally accepted that 
the surface elasticity is critical in determining the elastic properties at the nanoscale [8-16]. 
The size dependent variation of elastic constants at the nano-scale can be explained on the 
basis of variations in the degree of surface contribution with respect to size. In addition, the 
presence of internal structural defects was found to have large effects on the elastic constants 
of nano-scale materials [8-18]. The observed variation of the Young’s modulus of the Nb2O5 
NWs with diameter can be attributed to two main factors. Firstly, the surface stress from the 
clean and crystalline surface may affect and contribute to the mechanical properties of Nb2O5 
NWs. Secondly, the defect density variation among NWs of different size is likely to strongly 
affect the elastic modulus. In fact, the elastic modulus is directly proportional to the second 
derivative of the inter-atomic potential. The inter-atomic potentials near stacking faults would 
be different from the perfect crystalline region. For this reason, the presence of defects in 
effect reduces the elastic constants [19]. Since NWs with larger diameter comprises high 
density of stacking faults compared to relatively smaller ones, the elastic modulus decreases 
with increase in size. The observed scattering in the data for the estimated Young’s modulus 
of the NWs with similar diameter can be explained on the basis of defect density variations. 
 The diameters of the NWs studied in this work are considerably larger than the strong 
confinement regime (< 10 nm), band gap modification with size is unlikely to play any 
significant role on the observed conductivity increase with size. It is reported that the 
conduction in Nb2O5 is primarily due to the oxygen deficiency related defects [1, 20]. Oxygen 
vacant site traps one or two electrons from the metal. The energy levels of such trapped 
electrons are close to the conduction band of the Nb metal. These electrons contribute to the 
conductivity of the Nb2O5 significantly. Thus the electrical conductivity in Nb2O5 largely 
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depends on the oxygen vacancy defects. Since oxygen vacancies are the prominent defect 
structures in Nb2O5, the observed stacking faults in HRTEM images are likely to originate 
from rows of missing oxygen atoms. Due to the presence of large density of such stacking 
faults in larger NWs the carrier density increases and exhibits high electrical conductivity 
than the thinner ones. 
 
6. 4 Conclusions 
 
We have developed an approach which enables both the characterization of physical 
properties and identification of microscopic structural details of the same NW. The 
mechanical and electrical transport properties Nb2O5 NWs were investigated. Our studies 
revealed a ‘size effect’ on the Young’s modulus of the Nb2O5 NWs with an apparent increase 
in the elastic modulus with decrease in size. In addition to the surface stress contribution, the 
relatively large density stacking faults observed in NWs of relatively larger diameter is likely 
to be the primary causes for the size dependent elastic properties. The two probe electronic 
transport measurements demonstrated the characteristic semiconducting nature of the Nb2O5 
NWs. The observed size dependent conductivity can be explained on the basis of oxygen 
vacancy related defect density variation with size. Our studies demonstrated the potential of 
Nb2O5 NWs as nano-electronic components or nano-electro-mechanical applications. Finally, 
we believe that the combinatory approach described here can be extended to acquire size-
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Chapter 7      
 Structure-Mechanical Properties of Individual Cobalt Oxides 
Nanowires  
 
7. 1 Introduction 
 
Unique and tunable characteristics of one dimensional (1D) nanomaterial have 
attracted continuous attention in diverse applications including opto-electronic devices [1], 
miniaturized sensors [2] and mechanical resonators [3-4]. To avoid mechanical failure caused 
by various incidental forces in nanodevices, a better understanding on the mechanical 
behavior of nanoscale components is essential. Unlike bulk materials, the mechanical 
behavior of nanostructures exhibits strong correlation with their feature size [5]. Acquiring 
details on the fundamental physical causes, which delineates the unusual mechanical 
properties at the nanoscale, is challenging. Recently, numerous theoretical and experimental 
efforts were focused on the mechanics of nanostructures [6-12]. Due to their small size, 
mechanical characterizations of the individual nanostructures using conventional tools are 
impractical. In recent years, innovative techniques using atomic force microscope (AFM) [8-
10] and electron microscopes [11,12] (transmission electron microscope (TEM) and scanning 
electron microscope (SEM)) have emerged as nano-mechanical testing tools for individual 1D 
nanostructures. AFM provides exceptionally high resolution for force and deflection 
measurements. However, AFM technique lacks in situ structural characterization and imaging 
during testing. Although TEM is a versatile tool for nano-mechanical testing together with 
structural characterization, stringent sample preparation deters its wide applicability. 
 Normal spinel structured Co3O4 and rock salt cubic structured CoO are the two stable 
oxide phases of cobalt with vastly different physical and chemical properties. For example, 
the anti-ferromagnetic transition temperature of Co3O4 is ~30 K, whereas CoO undergoes 
anti-ferromagnetic state below 293 K [13]. Co3O4 is a p-type semiconductor ceramic material 
with high Vickers hardness and fracture toughness [14]. It has great technological importance 
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in diverse field including catalysis, electrochromic devices, gas sensors and Li-ion battery. 
There is a growing interest to synthesize Co3O4 nanostructures with unique size and shape. 
Over the years, several successful synthesis approaches have been developed for controlled 
growth of Co3O4 nanostructures [15-21]. We have developed an efficient method to 
synthesize Co3O4 NWs and nanowall structures by a plasma assisted method as described in 
Chapter 4. In addition, the improved performance of the Co3O4 NWs in various potential 
applications such as rechargeable battery [22], electron field emission (see Chapter 4) has 
been reported. On the other hand, only a few studies were focused on CoO nanostructures 
[23-25].  
In this Chapter, we report on the mechanical properties of individual end clamped 
Co3O4 and CoO NWs by performing three-point bend tests using AFM. CoO NWs were 
produced by thermal annealing induced chemical reduction of Co3O4 NW.  Nanoscale 
bending tests show that both Co3O4 and CoO NWs exhibits a size-dependent Young’s 
modulus.  Notably, the elastic modulus of CoO NWs was found to be considerably lower than 
that of Co3O4 NWs of the same size, with the difference becoming more prominent as size 
was reduced. The surface and internal microstructures and chemical composition of each 
specific NW were characterized by high resolution (HR) TEM and electron diffraction (ED) 
techniques. Our results indicated that together with other contributing factors, the 
microstructures within the nanomaterials have a predominant role in determining the 
nanoscale mechanics. We demonstrate the feasibility of this technique to extract the 
relationship between nanoscale mechanics with feature size, microstructures and chemical 
composition on a same NW in a reliable fashion.  
 
7. 2 Experimental Section 
 
Co3O4 NWs were grown on cobalt foils as described in Chapter 3. These NWs were 
detached from the supporting substrate and suspended in water during ultrasonic agitation. 
Schematic of the experimental methodologies used to extract the structure-mechanical 
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property correlation in Co3O4 NWs are depicted in Figure 7. 1. Several drops of the as-
prepared NW suspension were dried on a commercially available silicon nitride TEM grid 
(DuraSiNTM Meshes) with circular holes of size ~4 µm. After drying, many of the NWs were 
found to bridge across the hole. The adhesion of NWs with the SiN film was found to be quite 
weak. This enables us to maneuver the NWs using a micro-probe system (CascadeTM 
Microtech) equipped with an optical microscope to aid direct visualization. A tungsten nano 
probe with a tip size of ~70 nm was used to position NWs across the holes. Sufficient number 
of ‘NW bridges’ were thus created. The location of each hole with ‘NW bridge’ across was 
noted. Hence, despite multiple processing steps, the same NW can be re-visited for 
consecutive experiments. To ensure mechanical rigidity at the end points, each bridging NW 
was secured by depositing Pt using a SEI dual beam high resolution focused ion beam (FIB) 
system (Figure 7.1a). The three-point bend test on the end-clamped NW was performed by 
using an AFM (Dimension 3100, Nanoscope Digital Instruments) (Figure 7.1b). The 
microstructure of each NW was examined by TEM (JEOL, JEM-2010F, 200 kV) (Figure 
7.1c). The thermal annealing of the Co3O4 NWs was performed in a tube furnace under a 
controlled atmosphere of Ar (Figure 7.1d). Subsequently, the resultant chemical and 





















Conversion of Co3O4 NW to 
CoO NW by annealing
(d)




Figure 7.1 Schematic of the processes employed to investigate the structure-mechanical 
property relationship of NWs. (a) Creation of ends fixed bridging NW configuration by 
depositing Pt using FIB (b) 3-point bending test using AFM (c) Chemical and micro-
structural characterization of selected NWs using TEM (d) Thermal annealing and subsequent 
structural and mechanical characterization. 
 
7. 3 Results and Discussions 
 
7. 3. 1 Three-point Bend Test 
 
 In the FIB dual beam system the positions of the ‘NW bridges’ were first imaged and 
located using electron beam. Figure 7.2a shows the SEM image of the SiN TEM grid with 
dispersed NWs. Each hole with bridging NW was noted. The inset of Figure 7.2a shows a 
close-up view of the selected area (white circle) showing one of such ‘NW bridges’. After the 
suitable NW was identified Pt was deposited on both ends of the suspended NW using ion 
beam. A Pt deposit of thickness ~100nm was found to be adequate to provide necessary 
mechanical rigidity to prevent the NW from slipping during three-point bend test. Figure 7.2b 
shows the SEM image of a ‘NW bridge’ after Pt deposition. 
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Figure 7.2 (a) SEM image of SiN TEM grid with circular holes (diameter ~4micron) with 
dispersed Co3O4 NWs. Inset shows a close up view of the highlighted region (white circle) 
shows a ‘NW bridge’. (b) SEM image of a ‘NW bridge’ after securing the ends with Pt 
deposition.  
 
 With the NWs secured, three-point bending test was carried out to measure the 
elastic properties of these NWs. The area with bridging NW was imaged using the F-V (force-
volume) mode with a tip velocity of 3.57 µm/s. A calibrated AFM cantilever with force 
constant of 0.57 N/m and tip size of 15 nm (model: OTR8-35, Veeco Inc.) was used for the F-
V imaging. In the F-V imaging, force curves are acquired at every pixel of the selected area. 
Together with the FV image a low resolution topographic image of the scanned area is also 
recorded. From the as obtained F-V image (or from the topographic image) one can select 
force curve from any point of the image. Typically, for deflection measurements force curve 
exactly at the mid-point of the suspended NW can be selected. One of the advantages of using 
F-V mode in three-point bend test is that it avoids ambiguity in positioning the AFM tip right 
at the midspan of the suspended NW (see Figure 7.3).  
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Figure 7.3 Typical F-V image together with the corresponding topographic image of a 
suspended Co3O4 Nanowire. The force curve at the mid-point of the nanowire (as indicated by 
the cursors in the topographic and FV images) is shown in the right bottom corner. 
 
 From the F-V image, force curve (vertical coordinate of the piezo (Z) vs. cantilever 
deflection) from the mid-point of the suspended NW was selected for analysis. The deflection 
at the midpoint of the suspended NW for a particular force is quantified as described in 
chapter 2 and chapter 3. A contact mode AFM image was recorded after each F-V imaging to 
confirm the mechanical rigidity of the Pt tape added to the NWs. One of the contact mode 
AFM images of the Co3O4 NW bridge after F-V imaging is displayed in Figure 7.4a. Figure 
7.4b shows graphical illustration of the deflection measurement. 
 














































Figure 7.4 (a) Contact mode AFM image of a Co3O4 NW bridge recorded after F-V imaging. 
(b) Graphical illustration of measuring deflection at the midpoint of a Co3O4 NW bridge due 
to the application of force.  
 
The maximum force applied to the NW during F-V imaging was kept below 40 nN to 
ensure that the deflection occurs at the elastic regime. By using the simple beam theory for a 
both end fixed cantilever beam, the Young’s modulus of NW with circular cross section is 
given by,   





FLE                                                 (7.1) 
where E is Young’s modulus, F the applied force at the mid-span, L the suspended length, D 
the diameter of the NW and  the vertical deflection at mid-span of the NW. The method 
adopted for the estimation of vertical deflection of the bridging NW from the force curve is 
detailed in chapter 2. Since the ends of the NW are secured using Pt, the diameter obtained 
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from the AFM image may not be accurate. To minimize error, the length and diameter of the 
NW was estimated from the SEM and TEM images respectively.  
More than 40 NWs with diameters ranging from 30 to 250 nm were examined in this 
study. Figure 7.5 displays a plot of Young’s modulus (E) as a function of the NW diameter 
(D). Evidently, the Co3O4 NWs show a size-dependent Young’s modulus. NWs with large 
diameter (>100 nm) exhibit a rather low elastic modulus. However, NWs with diameter below 
100 nm show an obvious increase in elastic modulus as size reduces. 
To compare the experimentally obtained Young’s modulus, theoretical calculation 
was carried out for both single crystal along [220] as well as polycrystalline Co3O4.  Adopting 
the methodology in our previous work [26], CASTEP, a package with Density Functional 
Theory [27], was applied to obtain the matrix of elastic constants, with which the Young’s 
modulus of single crystals could be computed and that of the polycrystalline structure could 
be calculated via the Hashin-Shtrikman theory [28].  
The measured Young’s modulus of bigger NWs (diameter >100 nm) is well below 
the theoretical results obtained for both single crystal (356 GPa) as well as polycrystalline 
(124 GPa) Co3O4. As the diameter reduces to around 50 nm the Young’s modulus approaches 
theoretical value of bulk polycrystalline Co3O4. 
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Figure 7.5 Plot of Young’s modulus of the Co3O4 NWs against diameter. The theoretical 
value of the Young’s modulus of Co3O4 for polycrystalline (red line) and single crystal along 
[220] direction (blue line) are also shown.  
 
 Chen et al. has reported similar trend in the size-dependent Young’s modulus of zinc 
oxide (ZnO) NWs obtained by the resonance method [5]. They explained the size-dependent 
Young’s modulus on the basis of contribution from the surface stiffness. Recently, Liu et al. 
reported the size-dependent Young’s modulus of the tungsten oxide (WO3) NWs obtained by 
the resonance technique inside a TEM [29]. The apparent increase in the Young’s modulus 
with decrease in size was attributed to the reduced defect density.  
 
7. 3. 2 Microstructural Analysis 
 
After performing the three-point bend test, the microstructure of each NW was 
analyzed using HRTEM. Extensive TEM analysis reveals that all NWs consist of an 
amorphous outer layer uniformly covering the crystalline core region. Formation of the 
amorphous coating on NWs most likely occurs during the cooling phase of our synthesis 
procedure. Figure 7.6 shows a typical HRTEM image captured from the edge of a NW of 
diameter ~120 nm revealing the amorphous coating on the crystalline core. The fraction of the 
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amorphous coating (assessed by calculating the ratio between the thicknesses of the 
amorphous coating to the total radius of the NW) was found to be ~10%, irrespective of the 
size of the NW. During bending, the atoms nearer to the surface experience larger strain 
compared to the interior atoms. For this reason the surface microstructures might have a 
strong effect on the measured bending modulus. The observed low elastic modulus of the 
bigger NWs could be in part due to the presence of the presumably soft amorphous coating.  
 
 
Figure 7.6 HRTEM image captured from the edge of a Co3O4 NW revealing the amorphous 
coating on the crystalline core.  
 
 Detailed internal micro-structure analysis of NWs with different diameters was 
carried out using the HRTEM and ED techniques. Figure 7.7a-c represents low magnification 
TEM image, HRTEM image and ED pattern, respectively of a NW with diameter ~33 nm. 
The HRTEM image captured from the core region of this NW reveals its highly crystalline 
nature devoid of any structural defects. This is again confirmed by the ED pattern recorded 
from the same NW with zone axis along [100]. All the diffraction spots can be indexed with 
the normal spinel cubic structured Co3O4 phase. Similar microstructures were observed for 
NWs with diameter in the range of 30-70 nm.   
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Figure 7.7d-f displays a low magnification TEM image, HRTEM image and ED 
pattern, respectively of a NW with diameter ~ 110 nm. HRTEM image captured from the core 
region of the NW reveals the presence of planar defects (stacking faults or grain boundaries) 
parallel to the long axis. This is evident from the single NW ED pattern as well. The 
secondary diffraction spots observed in the ED pattern symmetrically on either side of the 
Braggs diffraction spots indicate the presence of planar defects [30]. Such satellite spots were 
observed for most of the NWs with diameter in the range of 80-150 nm. 
Figure 7.7g-i shows representative low magnification TEM image, HRTEM image 
and the ED pattern, respectively of a NW of diameter ~200 nm. The HRTEM clearly shows 
that the NW comprises a large density of planar defects along the growth direction. More 
obviously the streaking of diffraction spots in the ED pattern indicates the existence of planar 
defect in the NW [30]. Thus, the HRTEM and ED observations verified conclusively that 
bigger NWs (diameter> 150nm) are more defective than smaller ones. Conversely, it is 
probable that the occurrence of size distribution during growth has a direct relationship with 
the defect density in the NW, Namely, NWs with structural defects are likely to grow thicker 
than a perfect single crystal NW. However, a more refined study is required to corroborate 
this argument.  
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Figure 7.7 (a)-(c) Low magnification TEM image, HRTEM image and ED pattern, 
respectively of a Co3O4 NW of diameter ~33nm. (d)-(f) Low magnification TEM image, 
HRTEM image and ED pattern, respectively of a NW of diameter ~ 110 nm. (g)-(i) Low 
magnification TEM image, HRTEM image and the ED pattern of a NW of diameter ~200 nm, 
respectively. 
 
The observed size-dependence on Young’s modulus of the Co3O4 NWs can be 
explained on the basis of defect induced mechanical softening. The local density variation due 
to structural disorder at planar defects causes substantial modifications in inter-atomic 
potential and in effect reduces the elastic constants significantly. Hence, the effective Young’s 
modulus of the NW with planar defects exhibits a low value. The high elastic modulus of 
smaller NWs compared to the bigger ones can be attributed to their comparatively low planar 
defect density. Previous studies on the mechanical behavior of nanocrystalline MgO [31] and 
ZrO2-3 wt% Y2O3 [32] ceramics have showed similar reduction in elastic constants with 
increase in planar defects. 
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7. 3. 3 Effect of Annealing on Structure and Mechanical Properties of Co3O4 NWs 
 
After the completion of the initial three-point bend test and TEM studies, thermal 
annealing experiments of the Co3O4 NWs on SiN grid were carried out in a tube furnace in Ar 
atmosphere. A quartz tube that houses the grid was evacuated to a base pressure of 10-3 Torr 
prior to the annealing experiment. During annealing, Ar gas was leaked into the quartz tube at 
a rate of 30 sccm and the pressure was maintained at ~1 Torr. The samples were naturally 
cooled down to room temperature under Ar flow. The thermal annealing induced chemical 
and microstructural modifications in NWs were characterized by using HRTEM, ED and 
single NW micro-Raman spectroscopy techniques. With the NWs uniquely located on the 
grid, we can study the same NW before and after annealing. 
The TEM inspection reveals that the NW (with diameters >100 nm) shape was 
exclusively retained after 6 hrs of annealing at 600 °C. Figure 7.8a and 7.8b shows a low 
magnification TEM image of a NW before and after annealing, respectively. Particularly, no 
significant variations in diameter (<5 nm) was observed in the annealed NWs. Figure 7.8c 
shows a HRTEM image of the post annealed sample revealing lattice fringes parallel to the 
long axis of the NW. The measured lattice spacing of ~2.46Å was significantly different from 
the as-grown NW (~2.89Å). Moreover, the measured lattice spacing concurs well with the 
(111) plane spacing of the cubic structured CoO phase (JCPDS: 00-001-1227). Figure 7.8d 
shows the lattice fringes perpendicular to the long axis of the NW after annealing and the 
estimated fringe width was ~2.98Å which corresponds to CoO(110) plane (JCPDS: 00-001-
1227). This suggests the possibility for the NWs to undergo a chemical transition from Co3O4 
to CoO by reduction. This is supported by the ED pattern recorded from the annealed NW 
(Figure 7.8e). All the diffraction spots in the ED pattern recorded along [001] zone axis can 
be indexed with the cubic CoO phase. Notably no sign of any planar defects (which are 
readily observed in Co3O4 NWs) were observed in the HRTEM and ED pattern after the 
thermal annealing.  




Figure 7.8 (a) Low magnification TEM image of same NW before and after annealing at 600 
°C. (c) and (d) HRTEM image of the NW after annealing (e) ED pattern of the annealed NW.  
 
Room temperature single NW Raman spectra before and after annealing were 
recorded using a Renishaw micro-Raman spectrometer in backscattering geometry. Polarized 
laser light from a diode laser (532 nm in wavelength) was focused onto a bridging NW using 
a 100× objective lens (NA: 0.9) of the optical microscope equipped with the Raman system 
(Renishaw system2000). The laser spot size on the NW was <1µm, well below the hole size 
of the TEM grid. A laser power of 0.5 mW was used for the Raman scattering experiments. 
The Raman spectra was recorded with the long axis of the NW parallel to the electric field 
vector of the polarized laser beam to avoid any shape anisotropy induced light scattering 
effect. Figure 7.9a shows the Raman spectra of single NW of diameter ~230 nm before and 
after annealing. The normal spinel structured Co3O4 belongs to the 7hO  space group and by 
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factor group analysis, the 1A1g + Eg + 3F2g modes are found to be Raman active [33]. Raman 
scattering spectrum of the NW before annealing shows three well distinguished peaks (figure 
7.9a).  The peak observed at ~683 cm-1 corresponds to the A1g mode. The peaks observed at 
~512 and 471 cm-1 correspond to the F2g and Eg modes respectively. The other two F2g modes 
are not observed in our single NW scattering experiments. Considering the low intensity of 
these F2g modes they are most probably invisible due to the large background. On the other 
hand, no prominent peaks were observed in the Raman spectrum recorded from the same NW 
after annealing. Similar Raman scattering spectrum was obtained from NWs of diameter ~150 
nm and 110 nm (Figure 7.9b and 7.9c, respectively). Even though, the CoO phase is known to 
have Raman active modes, the experimental conditions used in this study might not be 
adequate to provide a clear signal above the noise level. 
For further clarification, the x-ray diffraction (XRD, Philips X-ray diffractometer, 
X’PERT MPD, Cu-K (1.542 Å) radiation) pattern of an array of NW on Co foil was 
recorded before and after annealing (Figure 7.9d). The annealing conditions were kept 
identical to that used for the preparation of mechanical test samples. The XRD pattern of the 
as grown NW arrays predominantly consists of peaks corresponding to the normal spinel 
Co3O4 phase in addition to the minor peaks of rock salt cubic CoO phase. However, XRD 
pattern recorded after annealing shows an enhancement of peaks corresponding to the CoO 
phase and suppression of Co3O4 peaks. These results unambiguously verified that thermal 
annealing cause a chemical reduction of Co3O4 NWs to CoO NWs. 
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Figure 7.9 Single NW micro-Raman spectrum recorded before and after annealing at 600 °C 
for 6 hrs. (a)-(c) Raman spectrum recorded from three different NWs of diameter 230nm, 150 
nm and 110 nm, respectively are shown. (d) XRD patterns of the as grown and annealed NW 
arrays on Co foils.  
 
The conversion of one type of NWs into another type without modification to its 
geometrical shape would be another viable route to the synthesis of the NWs. This is 
particularly significant if the NWs cannot be readily synthesized by other methods, such as 
CoO NWs. It is well known that Co3O4 can be reduced to CoO by thermal annealing [34]. The 
conversion of Co3O4 to CoO can be considered as an epitaxial growth due to the similarity in 
the oxygen lattices of these two compounds with almost equal nearest O2--O2- separation 
distance (difference within 5%). The temperature at which reduction of Co3O4 takes place 
depends on the particle size, supporting material and the surrounding medium. The relatively 
low temperature required for the conversion of Co3O4 NWs to CoO NWs is likely due to their 
intrinsic size, the low pressure and inert atmosphere conditions. The low temperature 
reduction of Co3O4 to CoO under inert atmosphere was reported previously [35]. 
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The three-point bend test on the resultant CoO NWs was performed in the same way 
as described earlier. It should be noted that after annealing, the NWs appeared to be more 
brittle than before annealing. For this reason, many of the NWs were broken during the AFM 
imaging (especially NW with smaller diameter). Figure 7.10 shows a plot of the measured 
Young’s modulus of the CoO NW versus wire diameter (red circles). For comparison the 
modulus values before annealing are also shown (blue rectangles). An apparent increase in the 
elastic modulus with decrease in size was observed for the CoO NWs. Remarkably, CoO 
NWs have a substantially lower Young’s modulus than that of Co3O4 NWs. As size reduces, 
the difference between the elastic modulus of the two kinds of NWs becomes more evident. 
The results obtained from the three-point bend test of CoO NWs are lower than the theoretical 
elastic modulus calculated for both bulk polycrystalline CoO (119.68 GPa) and single crystal 
CoO along [220] (136.66 GPa).  
                    






















Figure 7.10 Young’s modulus versus NW diameter (red circles) of CoO NWs synthesized by 
thermal reduction of Co3O4 NWs. For comparison the modulus of the same NW before 
annealing is shown (blue rectangles).  
 
The observed difference in Young’s modulus of the two type of cobalt oxide NWs 
can be attributed to their different chemical composition and crystal structure. However, the 
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Young’s modulus of CoO NWs appeared to be less dependent on the characteristic size as 
compared to Co3O4 NWs. This could be due to the comparatively low defect density. 
Moreover, in CoO NWs the defect density variation with diameter is negligible. Hence, it is 
likely that the observed size dependence on the Young’s modulus of CoO NWs is 
predominantly caused by the surface contribution. The observed difference in elastic modulus 
of NWs of the two stable chemical composition of a sensor material like cobalt oxide could 
have great implications in the future NW based sensors. 
 
7. 4 Conclusions 
 
In summary, we have developed a combinatory approach to study the relationship 
between mechanical properties of NWs and their characteristic size, microstructure and 
chemical composition. The elastic constant of the NWs was obtained by three-point bend test 
using an AFM. The details of the surface and internal microstructures and chemical 
composition were characterized by TEM inspection. Using this methodology, elastic modulus 
of NWs of two chemical manifestations of cobalt oxide, namely Co3O4 and CoO were 
investigated. The CoO NWs were produced by thermal annealing of Co3O4 NW under inert 
atmosphere. Both Co3O4 and CoO NWs exhibit a size-dependent elastic modulus. The high 
density of planar defects associated with the bigger NWs might be one of the contributing 
factors for the observed size-dependent mechanical properties of Co3O4 NWs. Notably, the 
Co3O4 and CoO NWs with similar size showed remarkable difference in their Young’s 
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Chapter 8   
    Summary and Future Works 
 
 The synthesis and physical properties of oxide nanostructures of Nb, Co and Ni has 
not been investigated extensively. In this work, we have developed simple, efficient methods 
to synthesize nanostructured oxides of Nb, Co and Ni. The physical properties of such 
synthesized NWs were characterized and correlated with its microstructures. The FE 
properties of as-synthesized nanostructures have been investigated. In this chapter, main 
conclusions drawn out from the results of this work are summarized and some of the possible 
future works are proposed. 
 
8. 1 Summary 
 
8. 1. 1 Synthesis of Nanostructured Nb, Co and Ni- oxides  
 
The Nb-oxide nanostructures were synthesized using direct thermal oxidation of Nb 
foils in oxygen atmosphere. Being a simple and catalyst-free technique the direct thermal 
oxidation approach is attractive. This technique can be extended to harvest crystalline quality 
Nb-oxide nanostructures in copious quantity and followed by a wide variety of nanometric 
material properties. A plasma assisted thermal oxidation method was designed for the 
production of Co and Ni oxides nanostructures. The potential of plasma assisted technique for 
tuning morphology of nanostructures by varying the plasma power was demonstrated.  Even 
though a number of reports have focused on the morphology controlled growth of metal oxide 
nanostructures, the present work has the potential to tune morphology from 1D to 2D by 
simply varying one macroscopic growth parameter (i.e. plasma power). A diffusion controlled 
tip growth mechanism was proposed in this work as the governing mechanism for the direct 
growth of oxide nanostructures on respective metal foils. 
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8. 1. 2 FE Properties of the Nb, Co, and Ni- oxides Nanostructures 
 
The field emission properties of the as-obtained nanostructures have been 
investigated. We have reported the efficient field emission from Nb2O5 NWs for the first time. 
The FE current density of Nb2O5 NWs emitters was found to be comparable to other potential 
nanostructuered metal oxides emitters reported so far. Remarkably, the emission stability of 
the Nb2O5 NW emitters was found to be outstanding. The field emission properties of Co3O4 
nanostructures and NiO nanowalls were also reported in this work. 
 
8. 1. 3 Size-Structure-Properties of Individual NWs 
 
We have developed a combinatory approach to address the ‘size-structure-property’ 
correlation of individual NWs. Using this methodology the mechanical and electrical 
properties of Nb2O5 NWs were studied and correlated with microstructures of the same NW. 
A size dependent Young’s modulus was observed for the Nb2O5 NWs. This size effect can be 
attributed to the increase in the density of defects with size as verified from the HRTEM 
inspection. The observed high electrical conductivity of large NWs can be attributed to the 
accumulation of oxygen vacancies.  
The mechanical properties of cobalt oxides NWs exhibited size dependence as the 
Young’s modulus increase with decrease in size. Comprehensive study on the mechanical 
properties and microstructure of the same NW revealed that together with other contributing 
factors the planar defects has predominant role in determining the mechanics of nanosized 
materials. The thermal annealing induced chemical reduction of Co3O4 NWs into CoO NW 
and the resultant effect on the microstructure and mechanical properties are also reported in 
this work.  
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8. 2 Future Works 
 
8. 2. 1 Extension of Growth of Metal oxides Nanostructures 
 
 The direct growth of Nb, Co, and Ni- oxides nanostructures on respective metal foils 
was realized in this work. These techniques, in particular the plasma assisted thermal 
oxidation technique, could be further investigated for the morphology controlled synthesis of 
other transition metal oxides. Our preliminary investigations on the growth of Fe, W and Ti- 
oxide nanostructures using the plasma assisted oxidation techniques showed promising results 
in this direction.  
Even though the simplicity and productivity is evident, the direct growth has some 
inherent shortcomings. Firstly, the control over the size of the nanostructures is minimal. As 
such the direct growth techniques yield nanostructures with a broad size distribution. 
Secondly, in direct growth method a large quantity of the source material is required (in the 
form of metal foil). Thirdly, tedious and challenging post growth manipulation and assembly 
techniques are needed to integrate such synthesized nanostructures with existing 
microelectronic components. To circumvent some of the aforementioned challenges and to 
access more control on the nanometric structures it would be appropriate to further 
explore/refine the synthesis techniques described in this work.  Some of the suggestions to 
modify the present approaches are, (i) use of pulsed heating during the growth of 
nanostructure and (ii) use of different gas phase combination as the growth medium. The 
synthesis technique described in this work can be further investigated to create hybrid oxide 
nanostructures. Use of an alloy foil substrate as the precursor material would be one of the 
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8. 2. 2 Further Investigations of FE Properties of Nb2O5 NWs 
 
 The FE properties of Nb2O5 NWs are remarkable. It is worthwhile to further 
investigate strategies to improve the turn-on field of Nb2O5 NW emitters. Post growth plasma 
treatment would be one of the future directions to further reduce the turn-on field of Nb2O5 
NW emitters. In addition the FE studies under the illumination of different laser beams will 
provide more insight into the fundamental FE mechanism of Nb2O5 NW emitters. Finally, 
field emission from individual Nb2O5 NWs would be another research direction. 
  
8. 2. 3 Electrochemical Properties of Metal oxide Nanostructures 
 
Transition metal oxides are potential electrode material for Li-ion battery 
applications. Our preliminary studies indicated improved charge discharge cycling capability 
of NiO and Co3O4 nanostructures as compared to the coarse grained particles. One of the 
difficulties in the quantitative estimation of the electrochemical properties of the as-
synthesized nanostructures is the error in the estimation of the mass of the active material. 
More detailed electrochemical studies on various morphologies of as-synthesized 
nanostructures by using galvanostatic discharge-charge cycling would be worthwhile. 
 
8. 2. 4 Single NW Characterizations and Applications 
 
The combinatory approach described in this work provided valuable information on 
the ‘size-structure-property’ correlation of individual NWs. As a direct extension of this 
method, the characterization of other potential 1D nanostructure would be worthwhile. In 
addition to the mechanical and electrical property characterizations, this method can be 
employed for studying other physical phenomenon occurs in nanomaterials with a view into 
its microstructures. However it should be admitted that the combinatory approach presented 
in this thesis has some limitations. Firstly, quantitative information of certain defects (eg. 
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point defects) is still lacking. Secondly, multiple ex-situ experiments may pose limitation to 
the widespread application of the present method. Thirdly, the requirement of expensive 
instruments is a shortcoming of this approach. It would be desirable to refine/improve on the 
current method to address these shortcomings. 
It would be worthwhile to include other characterization techniques which are 
capable to identify and quantify specific defects, in the combinatory approach employed for 
the structure-property characterization of NWs. For example, techniques including positron 
annihilation spectroscopy and deep level transient spectroscopy (DLTS) can be used to 
quantify the point defects. In addition, theoretical interpretation on the origin of observed 
planar defects in Nb2O5 and Co3O4 NWs will provide more insight on their mechanical, 
electrical and optical properties.  
Coupled electrical and mechanical measurements could provide greater insight into 
the physical properties of nanostructures. The single nanowire characterization technique 
described in this work can be extended to the measurement of electrical transport properties 
on a mechanically strained nanowire. Subsequent microstructure characterization would 
further improve our understandings on the physical behavior of nanomaterials. 
 In-situ studies inside TEM may solve some of the limitations of the combinatory 
technique described in this work. In-situ TEM studies provide real time imaging during 
bending/stretching and are useful to understand the deformation and failure mechanisms of 
NWs. In addition, such studies reduce experimental errors in estimated elastic modulus as 
compared to the AFM techniques. 
Our single NW characterizations revealed that the Nb2O5 and Co3O4 NWs could be 
potentially useful for nano-electronics or nano-electro-mechanical systems. It would be 
worthwhile to apply the results of the present study to design, fabrication and performance 
evaluation of nanodevices using Nb2O5 and Co3O4 NWs.   
 
